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Single event effects testing of the RD53B chip
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Abstract. The RD53 collaboration has been working since 2014 on the development of pixel
chips for the CMS and ATLAS Phase 2 tracker upgrade. This work has recently led to the
development of the RD53B full-scale readout chip which is using the 65nm CMOS process and
containing 153600 pixels of 50 x 50 wm?. The RD53B chip is designed to be robust against
the Single Event Effects (SEE), allowing such a complex chip to operate reliably in the hostile
environment of the HL-LHC. Different SEE mitigation techniques based on the Triple Modular
Redundancy (TMR) have been adopted for the critical information in the chip. Furthermore,
the efficiency of this mitigation scheme has been evaluated for the RD53B chip with heavy ion
beams in the CYCLONE facility and with a 480 MeV proton beam in TRIUMF facility. The
purpose of this paper is to describe and explain all the SEE mitigation strategies used in the
RDb53B chip, to report and analyze the heavy ions and proton tests results and to estimate the
expected Single Event Upset (SEU) rates at the HL-LHC.

1. Introduction

The ATLAS and CMS Inner Trackers will be exposed to extreme conditions such as
unprecedented radiation levels of 500 Mrad and 2 x 10® n.,/cm? over 5 years and a very high
hit rate of 3 GHz/cm?. The RD53 collaboration was established to develop the pixel readout
chips needed by ATLAS and CMS for the HL-LHC. ITkPixV1, considered as the pre-production
chip for ATLAS was designed with the 65 nm CMOS process from TSMC and submitted March
2020. All the functions tested are working as expected despite the high digital current issue [1].
The Total Tonizing Dose (TID) tests with Xray sources were already done on the chip under low
temperature (same conditions as for the final detector) and have shown that the chip continues
to work correctly up to 500 Mrad. The SEEs are other radiation effects representing a major
challenge for the RD53B chip design in the extremely hostile radiation environment. This paper
presents the SEU mitigation methodology followed in the RD53B readout chip and the TMR
structures used in the different parts of the chip depending on the criticality. It describes the
SEU test results obtained from heavy ions and from high energy proton beams and presents the
analysis of measurement results and finally gives a prediction of the upset rate in the context of
the HL-LHC environment.
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2. SEE mitigation in the RD53B chip

Digital structures based on redundancy are widely used to protect integrated circuits against
SEE. TMR is a robust technique commonly used to provide SEE tolerant design. However,
using such a structure for all the cells of the RD53 chip can be penalizing and difficult to achieve
because it requires large silicon area and increases the total power consumption. In the Digital
Chip Bottom (DCB), TMR has been adopted only for the critical parts of the chip such as state
machines, FIFO control logic, buffer pointers, trigger tables and critical event information. The
main TMR cell is shown in figure 1-a where only the D flip-flops (DFF) are triplicated and
clocked with 3 skewed clocks. This structure can filter single event transient (SET) glitches
shorter than AT which is set to 250 ps according to the SET prototype test results [2]. The
triplicated clock skew is made by clock tree synthesis and the timing closure becomes difficult
to obtain since the delay AT depends on the process, supply voltage, temperature and TID.
It should be mentioned that TMR is inserted during synthesis and single cells are replaced
with triplicated version during the synthesis step. The redundant cells are constrained to be
placed with 15 pm distance so that one particle cannot affect multiple cells storing the same
redundant information. The RD53 chip functionality is configurable by programming the global
configuration registers implemented in the DCB. This memory should be very tolerant to SEU
since bit flip can highly compromise the operation of the chip. The memory size is 1.6 Kbit
and is based on TMR protection with auto correction as shown in figure 1-b. Each pixel
has 8 configuration bits and the limited pixel area has led to the use of a latch TMR without
error correction (figure 1-c¢). Furthermore, only the 5 bits of the threshold DAC and the pixel
validation bit are protected with TMR while the 2 other bits are not protected because their
flip does not affect the functionality of the chip.
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Figure 1. TMR structures used in RD53B chip.

3. RD53 chip heavy ions test results

The RD53B readout chip was irradiated at the Cyclotron Resource Centre [3], University
of Louvain-la-Neuve, Belgium, with different flavour of heavy ions having LET wvalues from
1.3 t0 62.5 MeVem?/myg. The tests were, in general, done with the maximum available flux
of 2 x 108 p/em?/s. The experimental set-up is based on the BDAQ hardware [4] consisting
of a custom test board and a commercial module based on a Xilinx Kintex FPGA. Since the
irradiations are performed in a vacuum chamber, the Single Chip Card (SCC) containing the
chip to be irradiated was mounted on an aluminum plate to ensure cooling of the chip during
the irradiation test. The tests performed on the readout chip are divided into 2 main categories:

e Functionality tests while the chip is exposed to the beam mainly the digital scan test

e Tests related to the cross-section measurement of the pixel and global configuration registers
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3.1. The digital scan results

The digital scan test consists of 100 digital injections per pixel. When the chip is not exposed
to the beam, the readout is showing exactly 100 hits per pixel as shown by the hit map in figure
2-a. When the chip is exposed to the ion beam, individual pixels can show bigger/lower amount
of hits (figure 2-b). This concerns clusters of 4 pixels and results as if 1,2,3 or 4 pixels were
touched at the same time. It is indeed due to the SEU errors in the digital part of the pixel and
can be explained by the digital architecture which is organized in regions of 4 pixels [6]. This
test was carried out in two operating modes:

e PLL mode where the serializer and command clocks are provided by on-chip clock/data
recovery (CDR) block

e Bypass mode where both clocks are provided externally from the BDAQ FPGA
In PLL mode, synchronization issues with the BDAQ readout system have been identified which

usually results in a regular map of missing hits (figure 2-c). Further test campaigns are planned
in order to analyze the CDR SEU effects on the overall functionality of the chip.
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Figure 2. Digital Scan Hit Map.

3.2. Pizel configuration test results

The set-up writes outside the beam the same 8-bit pattern containing as many 0’s as 1’s in each
pixel configuration memory. The chip is then exposed to the beam for a time corresponding
to the requested ion fluency. After the exposure, the patterns are read back and compared
with the data written in the memory. This test was repeated for different heavy ions and the
results are represented in the figure 3 showing the cross-section variation versus the LET. For
the unprotected cell, it gives a threshold LET below 1 MeVem?/mg and a saturation cross-
section of 6 x 1078 ¢m? which is quite close to the values reported in previous works [5]. This
plot is showing that the TMR latch is more tolerant to SEU regarding to the unprotected one.
However, the TMR latch structure suffers from error’s accumulation and so it is efficient only
for low or moderate fluency values.

8.8. Global configuration test results

In the RD53B chip, the global configuration memory is made with 256 TMR registers localized
in the DCB and corresponds to a total memory size of 3 Kbits where a half is reserved only for
test purposes. A high ion fluency was needed for this test especially when considering the low
LET values. The figure 3 represents the cross-section as function of the LET and shows clearly
the significant improvement obtained from the TMR with error correction. The calculation
method developed in the reference [7] was used to estimate the 200 MeV proton cross-section for
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Figure 3. SEU cross-section of pixel latch Figure 4. SEU cross-section of pixel latch
memories versus the LET memories versus the proton fluency

unprotected and TMR latches. It is predicting a gain of a factor of 100 and a proton cross-section
as low as 7.9 x 10717 em?.

4. Proton SEU test results

SEU proton tests were done in December 2020 at TRIUMF Vancouver Canada [8]. The main
objective of this test campaign was to measure the proton cross-section for the local and global
configuration memories in order to determine the expected error rate at the HL-LHC. The
RDb53B readout chip was exposed to the 480 MeV proton beam at room temperature. It was
positioned in the orthogonal direction of the beam and the proton flux was set at its maximum
value of 1.5 x 10 p/em? /s for the whole duration of the tests.

4.1. Pizel configuration test results

Several pixel configuration runs were carried out while varying the fluency from 5 x 1019 p/cm?
to 4 x 10'2 p/em?. The SEU error map for the whole pixel array shows that the errors are
randomly distributed meaning that no global effect is observed. The unprotected latch has a
cross-section of 1.5 x 10714 ¢m? that is of the same order of magnitude as predicted on the basis
of the heavy ion test results. Since the pixel TMR latches are not featuring an error correction,
the cross-section depends on the beam exposure time and therefore on the fluency. Figure 4
shows that the TMR cross-section increases with the fluency because of errors accumulation.
This illustrates that this structure should be associated with an external re-configuration at
regular time intervals. In order to estimate the error rate in the HL-LHC environment, the SEE
flux for hadrons above 20 MeV is assumed equal to 1 x 10? p/em?/s for the innermost layer of
the pixel detector. Based on the measured proton cross-section for the pixel unprotected latch,
this corresponds to 4.6 bit-flip per second per front end chip (FE). If we assume that the whole
pixel configuration memory can be configured through the DAQ system at regular intervals of
50 seconds, the duration for which the chip receives a total fluency of 5 x 10'Y, TMR latch is
10 times more tolerant regarding the unprotected latch. In this case, unprotected latches will
have 230 bit-flip per FE while the TMR latch only 7 bit-flip per FE chip (table 1). However, if
the pixel memory is refreshed every 1000 seconds, the TMR latch is only 10 times more tolerant
because of the error’s accumulation.

010

4.2. Global configuration test results
A long duration run of 10 hours was done for global register SEU testing. For this test,
7.2x10'3p/em? were received by the chip and only 8 SEU errors were reported. This corresponds
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to a cross-section of 3.6 x 10717 ¢m?2. Considering the small number of errors, the upper limit for
95% confidence level can be estimated to 7.1 x 107!7 ¢m?. This represents an interesting result
since the TMR shows a gain of a factor of 400 regarding the unprotected latch. If we consider
the SEE hadron flux of 1 x 10? p/ecm? /s, the mean time between bit flips in one FE chip can be
estimated to 5 hours (table 1).

Table 1. HL-LHC environment : Atlas pixel detector SEU error rate estimation.
Pixel Conf.  Pixel Conf.  Global Conf.

Layer Location R Z SEE-Flux Unpr. latch TMR latch®* TMR w/corr
(em) (em) (em~2s71) (flip/FE) (flip/FE) (flip/FE/hour)

0 L0 rings 3.6 114 1.0 x 10° 230 7 0.2

2 L2 rings 15.6 286  0.82 x 108 19 0.095 1.7 x 1072

4 Outer Endcap 274.6 286  0.35 x 108 8 0.022 7.2x 1073

*Based on external re-configuration time interval of 50 seconds

5. Summary and conclusion

The RD53B chip was exposed to a heavy ions and proton beams for SEU qualification. The
voltage and current supplies were monitored and no Single Event Latch-up (SEL) was detected
for the whole test. The results obtained with protons are in agreement with those obtained
with heavy ions. During all these tests conducted for SEU qualification, the monitoring of the
the supply’s current showed no sign of single latch-up and no abnormal working requiring the
recycling of the power supplies was noticed. Concerning the configuration memories, the cross-
section of the unprotected latch is measured to 1.5 x 10~ e¢m? and the TMR latch without
correction implemented for pixel configuration allows a gain of 10 to 100 depending on the rate
to be applied for the external re-configuration. The TMR cell with correction is 400 times more
tolerant than the unprotected one resulting in a mean time between errors of 5 hours for the
innermost layer of the pixel detector in the context of the HL-LHC. Further SEU test campaigns
are scheduled in order to test the RD53B chip in real working conditions especially for high hit
rate and high trigger rate. The effect of the PLL/CDR SEU on the overall functionality of the
chip will be also analyzed.
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