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The tests

• At Louvain Light Ion Irradiation Facility (to whom many thanks)
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2014 2017          2019

• All tests over two days 
– Flux almost two orders of magnitude higher than HL-LHC maximum, for 2S-modules

• measured to <5%
– CBC2: no reference chip
– CBC3.0: reference chip outside beam
– CBC3.1: reference chip outside beam, 3 CBC3.1s in beam



Reminder of CBC parameters
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• Number of registers changed slightly, with some unused
– Most of them store a single channel offset value
– Few have much influence on CBC operation cf. performance, e.g. latency, R/W pointers,…

• Pipeline memory length increased, with latency
• Pipeline control logic uses Whitaker cells. Some changes between CBC2 and CBC3.
• CBC2 used triple majority logic in I2C registers, CBC3 changed to Whitaker



What was tested

• NB procedures slightly different in each test, 
– reflecting chip changes (e.g. 40/320 MHz, Whitaker/triple majority logic)

• Pipeline logic 
– Send reset, start W/R pointers, issue trigger, check error bit, repeat…
– If error bit = 0, no error in any of R/W counters or latency value in I2C register

• Pipeline & buffer data contents – i.e. fake hits
– Send many triggers, look for 1 in output, when 0 expected

• I2C register values
– Written to and read back via I2C serial interface
– Typically set so approximately equal number of 0 & 1 in contents
– Periodic check, e.g. at 2s intervals
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CBC3.1 contents for different settings



Pipeline logic SEUs

• None observed in any test
– CBC2: 1.2 x 104 s (3.33 h)
– CBC3.0: 5040 s (1.4 h) (reduced duration due to procedure error)
– CBC3.1: 3 x 3662 s (3.05 h) 
– Total exposure ≈ 520 h at HL-LHC (3 weeks operation)

• Compute 99% CL Poisson upper limit for HL-LHC 

• CBC2:  < 5.1 x 10-6 SEU.s-1

• CBC3.0:  < 13.5 x 10-6 SEU.s-1

• CBC3.0 + CBC3.1:  < 4.7 x 10-6 SEU.s-1
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implementation of logic was different in 
CBC3 compared to CBC2 so can’t really 
combine statistics



Pipeline data SEUs – Fake hit rate

• CBC3.1 is the most relevant
– Procedure problem affected CBC3.0 result 

• Triggers sent at 20 kHz for 3662 s
– Latency set to 12.5 µs to maximise sensitivity
– 66 hits observed in 7.32 x 107 triggers
– Flux factor cf. CMS = x 58.8

• Fake hit rate = 2.0 x 10-11 per trigger in CMS 
– Expected occupancy = 1-2 %
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I2C SEUs in CBC2

• 78 SEUs observed, with 1->0 more frequent
• Multiple bit-flips more frequent than expected
– 38 x 1-bit, 5 x 2-bit, 6 x 3-bit, 3 x 4 bit
– suspicion that triple-voting logic had cells too close together

• but this appears to be incompatible with circuit layout

• I2C SEU rate in HL-LHC: ~0.17 CBC-1h-1 (runs 4 & 12)
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<- control run

some doubts about 
refresh mechanism 
efficiency so not all 
data included



I2C SEUs in CBC3.0

• Tests carried out with different contents written to registers
– trying to obtain balanced mixtures of 0 & 1

• No multiple bit-flips observed
• 25 SEUs observed
– 1->0 ~ 24 times more frequent than 0->1

• I2C SEU rate in HL-LHC: 0.031 ± 0.006 CBC-1h-1
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CBC3.0 settings & exposure times
Read interval = 5 m (* 5 s)



CBC3.1 I2C design changes 

• To reduce SEU rate:
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• This was expected to increase SEU resistance but at the potential expense of 
causing all 8 bits to be upset

– simulations showed immunity to 864 fC: x30 greater than CBC3.0



I2C SEUs in CBC3.1
• Life is not so simple!
– 15.4 hours used for I2C tests
– Unlike CBC3.0 multiple bit flips observed

• 38 x 1-bit
• 10 x 2-bit, 3 x 3-bit, 9 x 4-bit, 4 x 6-bit 14 x 7-bit, 3 x 8-bit

• Gradually a possible pattern emerged
– strongest correlation with last written value
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CBC3.1 settings & exposure times
Read interval = 2 s

last written value
default value
neither

NB often LWV & default 
are indistinguishable

NB correlation with LWV means 
comparison with bits which 
changed – i.e. can’t distinguish 
bits which were already 
identical to those in LWV (* = multiple bits)



CBC3.1 I2C run details

• Data taken with different LWV, especially 0x00 and 0xff
– to avoid possible TID effects, most data toggled between the two settings
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CBC3.1 I2C results

• For similar exposure times
– 3 SEUs with 0x00 (5.00 h)  vs 47 with 0xff (4.76 h)

• Scaling to HL-LHC flux:

ASIC WG Nov 2019 12



Conclusions

• CBC3.1 design changes did not act quite as expected but a strong correlation 
between SEU rate in I2C registers and last written value was observed

– Writing 0x00 is much more favourable, with SEU rate ~ 0.01 CBC-1h-1

• NB very few of the registers (<5%) have significant effect on operation

• Rate could be much further reduced by intermittent refresh
– e.g. in orbit gaps or when other CMS resets are issued

• Comparison with other SEU rate measurements
– almost no data is reported from CMS operations, and the only chips which appear to have 

been extensively evaluated are the APV25 and, to a lesser extent, the ATLAS SCT FE.
– Few chips seem to have SEU rate specification, e.g.:
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Backup
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Fake stub rate estimate

• Based on CBC3.1 fake hit rate = 2.0 x 10-11 per trigger in CMS 
– with latency set to 12.5 µs

• Scale for stub rate
– rate = 2.0 x 10-11 x 40 MHz x (25 ns/12.5 µs) = 1.6 x 10-6 s-1

– x factor for number of channels per chip (=128?)
– => 2 x 10-4 CBC-1 s-1

• assumes that one bit is sufficient to fake a stub
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