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Introduction

• QIE overview
• operation, response, performance, usage in HCAL, radiation tolerance

!
• Considerations for EB usage:

• many EB channels ➔ available space on detector
• excellent EB resolution ➔ digitization precision and dynamic range
• timing requirements
• radiation tolerance

!
• Summary



QIE11 overview

• Gated charge integrator
• operation tested from 40-100 MHz

• 17-bit dynamic range with 8-bit 
readout (emphasis on economy of bits)
• 4 ranges and 6-bit ADC

• 6-bit TDC (500 ps resolution)
• 350 nm SiGe BiCMOS process (AMS)

• sufficient TID/neutron tolerance for 
HCAL barrel front-end

• potential advantage for SEE
• 5V @ 40 mA analog, 3.3V @ 35 mA 

digital (320 mW total)
• Internal charge injection
• Internal clock phase adjustment
• Input current shunt allows tuning of 

photosensor gain. 10mm

3.2mm



QIE history
• Designed by Tom Zimmerman since before 1995.
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Overview of the QIE (Cont.)
� A�short�history�of�development:

– 1989:�Originally�conceived�by�Bill�Foster�for�SDC @�SSC

– 1995:�1st�fullyͲfunctional�chip�designed�by�Tom�Zimmerman
for�the�KTeV experiment�@�FNAL
• 2�Pm�Orbit�“BiͲCMOS”,�3000�ch.

– 1996:�FrontͲend�for�calorimeters�of�CDF @�FNAL
• 2�Pm�Orbit�“BiͲCMOS”,�10,000�ch.�

– 2002:�FrontͲend�for�MINOS Near�Detector�@�FNAL
• 2�Pm�Orbit�“BiͲCMOS”,�10,000�ch.

– 2003:�FrontͲend�for�CMS�HCAL @�CERN
• 0.8�Pm�AMS BiCMOS,�10,000�ch.

– 2013:�FrontͲend�for�CMS�HCAL upgrade,����������������������������������������
and�a�candidate for�ATLAS�TileCAL upgrade
• 0.35�Pm�AMS SiGe,�17,000�ch.�Æ 27,000�ch.

Joint 
Development

?



QIE11 operation
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Overview of the QIE (Cont.)
� How�the�chip�works:

� Receives�charge�(current)�from�PMT�Anode

� “Splits” current�into�four�logarithmicallyͲweighted�Ranges

� Integrates�current�fractions�onto�separate�capacitors�����������
using�gated�integrators

� Selects�(somehow…)�one�of�the�four�Ranges�to�be�digitized

� Digitizes�the�analog�voltage�from�the�selected�Range
• 6Ͳbit�FADC with�exponential response�Æ “Mantissa”

� Outputs�2Ͳbit�code�for�the�Range�digitized�(0�Ͳ 3)�Æ “Exponent”

PMT Current
Splitter

Gated
Integrator

Range
Select

FADCI
I V V

2 Bits
Delay

6 Bits
Data
Out

8 Bits
Range

ADC

2 Bits
Range

Ö Produces floating-point output codes 
Ö Response is approximately logarithmic 

SiPM

• Receive charge from photosensor
• Split current into 4 logarithmically weighted ranges
• Integrate currents on separate capacitors 
• Select lowest range capacitor that is not saturated
• Digitize voltage on selected capacitor with FADC



QIE11 operation (2)

• Split ratios: 16, 4, 
2, 1, 1 (for TDC)

• Integration 
capacitor ratios: 1, 
2, 8, 32

• Select 
• ADC sub-range 

ratios: 3, 6, 12, 24
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Overview of the QIE (Cont.)
� QIE10 multiͲranging�splitter/integrator�concept:

– 24�identical�NPN transistors,�arranged�in�5�groups�or�Ranges:��16,�4,�2,�1,�1

– Each�Integrator�Range�has�an�integrating�capacitor,�with�ratios: 1,�2,�8,�32,
• Begin�with�capacitors�

Reset

• Current�I�splits�onto�
each�Range�according�
to�the�grouping�of�the�
NPN transistors

• Integrate switches�
close�for�1�clock�
period

• Split�currents�
integrate�on�
integrating�capacitors

• At�the�end�of�the�
period,�Integrate�
switches�open

• Resulting�voltages:

ÖWhen IPMT = 0, Caps store pedestal voltages

ÖWhen IPMT K 0, Caps store + fractions of IPMT charge

1 Clock
Cycle #1

1 Clock
Cycle #2

³ 
ns

RangeCap dtI
C

V
25

0

1

SiPM



QIE11 response
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Overview of the QIE (Cont.)
� Full�Response�– Raw�Data

– Combination�of�current�split�weighting�and�FADC codes�������������������������������������
gives�the�following�Transfer�Function�– MultiͲrange,�floating�point

Ideal Response – One set of CapIDs shown

Raw Data:
6-bits ADC
2-bits Range
2-bits CapID
6-bits TDC

ADC Codes as a Function of Fraction of Input Charge
All 4 Ranges Shown
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(3) QIE Encoding: Charge, Continued

A New ASIC For The Upgraded HCAL Front-End   (131004)               Elliot Hughes     Rutgers University 8

Range 1 Mantissa Versus Input Charge
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Notice the plateau for each mantissa, and the four distinct slopes for each subrange

A Useful Illustration Of The Charge Binning:
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Overview of the QIE (Cont.)
� Reconstructed�Response

– Use�LookͲUp�Tables�in�DAQ to�“Linearize” QIE Data
– Each�code�(ADC,�Range,�CapID)�has�an�assigned�charge�value�(or�MeV)�

• CMS:�Carry�calibration�constants�from�checkout�to�the�experiment
• ATLAS:�Use�inͲsitu�calibration�techniques

Ideal Response – One set of CapIDs shown

QIE Dynamic Response
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QIE11 performance
• Tested ~200 quantities for 12k QIE11 in April 2016 using ASIC test robot.
• Yield for basic functionality is ~98%.
• Yield for uniformity requirements is ~85%.
• Response variation acheived by precision of bipolar current splitters 

~1.5%. 2016 JINST 11 C02052
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Figure 4. Slope for the 4 subranges of Range 1 for a given phase of the QIE10 (CapID1). The slope is
designed to double at between each subrange, so we expect the distribution means to be roughly 25, 50, 100,
and 200 fC/bin. The distributions are normalized to 1. The dashed vertical black lines represent selection
criteria.
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Figure 5. QIE10 test variables. On the left is the number of overlapping ADC bins at the range transitions
(designed to be ⇠ 3) for the range 0/1 transition for a specific phase. On the right is the TDC bin width
(designed to be 0.5 ns). Our test system can only sweep an input pulse in 0.25 ns steps. This combined with
some periodicity in the exact step size limits our sensitivity to the exact bin width. However, the precision of
the results combined with previous bench testing confirm that the chip has the proper 0.5 ns TDC bin width.
The distributions are normalized to 1. The dashed vertical black lines represent selection criteria.
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1.6% RMS
10k QIE10

2016 JINST 11 C02052

Figure 1. The Fermilab Robotic Chip Tester (left). A prototype of the camera mount on the robot arm
(right).

by tray and chip position, and the separating of the testing and sorting algorithms for more precise
sorting. By adding a camera to the robot arm (see figure 1), we dramatically reduced the time
needed for alignment from 4 hours for two people to just 15 minutes for one person. This is a
crucial improvement for testing large batches of chips in a timely fashion. Tracking the chips by tray
position allows us to later identify chips for further study or change the selection without retesting
since we can always identify the previous test data for any given chip. Finally, separating the testing
and sorting phases of the robot allows us to set our selection criteria based on the data from all the
chips and select the very best chips by pulling out the exact number needed for board assembly.

3 Test results

Chip testing is broken down into several categories:

• Hard failures: chips that clearly fail to function. Usually via a current trip, lack of phase
rotation, or failure to respond to a reset commands. These chips are often the result of a failed
wire bond in the package.

• Voltages: testing the voltages of the various input pins as well as some points on the test
board to ensure proper chip functionality.

• Register tests: testing the various programmable DAC’s stored in the register to ensure that
all bits are programmable and that they function correctly.

• LVDS output: checking the output voltage on the 20 LVDS output pins (and their compli-
ments).

• Miscellaneous: tests which fit no other category like input impedance and the the time
required to lock the clock from an out of time phase.

• Pedestal tests: checks that the chip default pedestal is within specification and is not too noisy.
We also test the global and individual phase pedestal DAC’s for programming the pedestal.
Distributions of the default pedestal are given in figure 2.

• ADC functionality: verify the full functionality of the ADC including the slope and intercept
of each subrange, the di�erential non-linearity across all ADC bins, and the proper bin

– 2 –



• Microsemi ProASIC3 FPGA 
• slow control via I2C, 

Igloo programming
!
• CERN VTTx (not stuffed in 

photo)
• data transmission

!
• Microsemi Igloo2 FPGA

• alignment/clock, 
serialization, 
formatting, encoding

!
• 6 QIE11 (6 on other side)

• signal digitization

Usage on HCAL 
frontend card





HCAL radiation tolerance 
requirements

TID 
(krad)

1 MeV neutron 
(cm

>20 MeV hadron
(cm

HB 3.1±0.7 (1.1±0.1)E+12 (2.0±0.3)E+11

HE 0.9±0.1 (9±2)E+10 (1.6±0.6)E+10

HF 4.1±2.7 (7±0.7)E+11 (1.8±0.3)E+11



Potential radiation effects
Cumulative effects
• Total ionizing dose (TID) in CMOS and SiGe bipolar components.
• Displacement damage (DD) in SiGe bipolar components.

Single event effects (SEE)
• Digital SEU in CMOS.
• Analog SEU in current splitters, integrators, etc.
• Catastrophic SEE: burnout (SEBO), gate rupture (SEGR), 

and latchup (SEL).

• We studied these effects simultaneously with 230 MeV 
protons for which 1e11/cm2 fluence ~ 5.8 krad TID in silicon.
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Chip Monitoring

Zero occurences, as 
expected

1) Operate chip in beam and count five error types:
• Capacitor ID (should cycle 0,1,2,3)
• Exponent errors (should be 0)
• TDC errors (should be 63) 
• DLL NoLock (should be locked)
• TDC discriminator (should be low)
• change in rad hard shadow register

3) Monitor pedestal vs. TID and nucleon fluence.
4) Monitor response vs. nucleon fluence.

2) Use these raw counts to determine expected SEE rate assuming:
• 7000 HE channels
• 1.6e10/cm2 fluence for 20 MeV hadrons
• integrated luminosity of 3000/fb
• instantaneous luminosity of 5e34/cm2/s

13



Test configuration

• Tested QIE10 in 230 
MeV proton beam at 
Central Dupage 
Hospital near Fermilab

• Operated chip with full 
power, clock, and 
40MHz readout.

• Three different days/
chips: 10-Dec-14, 19-
Dec-14, 04-Mar-14

• Flux ~5x109 protons/
cm2/s

• Dose rate ~300 rad/s 

14
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SEE: Exponent error rate
• One exponent error every 

~minute on entire detector 
(16k channels).

• Frontend runs without 
interruption — zero 
intervention required.

• Uncorrelated with physics 
events.

• Potential trigger deadtime and 
signal inefficiency is 1e-9.

•  Acceptable for HCAL

HB=3krad

HB=2x1012/cm2
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SEE: TDC error rate

• One TDC error every 10 
minutes hours on entire HBHE 
detector.

• Acceptable for HCAL
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SEE: CapID error rate

• On Dec19, CapIDs stopped 
rotating at about 200 krad 
(40e11/cm2), but recovered 
after QIE reset.

• QIE reset occurs every orbit in 
normal operations.

• Acceptable for HCAL
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TID: DLL NoLock rate
• Observed cumulative damage 

failure mode: DLL loses ability 
to lock

• Anneals in 10 days at room 
temperature ➔ TID effect 
• not displacement damage 

from neutron fluence
• Occurs at 250 krad or later. 
• Acceptable for HCAL 
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TID : Pedestal drift

• Observed pedestal drift
• Anneals in 10 days at room 

temperature ➔ TID effect (not 
DD effect)

• Occurs at 150 krad or later. 
• Acceptable for HCAL
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Analog SEU at CERN CHARM facility
• Long run shows order 10-8 effects
• Rates of 0.5 Hz to 0.006 Hz — uncorrelated with real physics events.
• Acceptable for HCAL

20
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QIE test results
• No register changes observed in log files 
• Long pedestal runs show 10-9 effects 
• No intervention needed 
• Example for one QIE (runs normalized to 109 events)
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Analog SEU: 
depends on 

instantaneous rate Exponent 
errors

QIE test results
Analog SEU: charge deposition in analog circuits, not bit 
errors from digital SEU; uncorrelated with physics events.

ADC Rate (Hz)
15-63 0.5
32-63 6 10-3

ADC Rate (Hz)
15-63 0.4
32-63 5 10-3

Cu target Al Sieve target

OK

QIE exponent error: SEU flipping bit in exponent

Error Rate (Hz)
Exponent 0.6 10-3

Error Rate (Hz)
Exponent 0.5 10-3

Cu target Al Sieve target
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Analog SEU and exponent error rates agree qualitatively 
with results from a dedicated QIE radiation test.

http://charm.web.cern.ch/CHARM/



Considerations for EB 

Figure 1: Shape of ECAL signals at the APD connector.

Figure 2: Expected evolution of the capsule (twin APD) leakage current with the integrated luminosity during
HL-LHC (left). Evolution of the equivalent noise assuming Phase-1 electronics and no transparency loss (right)

2.1.2 Noise model

In this note I only consider the effect of the noise generated by the leakage current (I
d

) of the APD. During a
time interval (�t), the charge going through the APD is equal to �Q = I

d

�t. This charge comes for 90 % from
a leakage through the bulk of the APD and is the result of an amplification process in the photodetector and for
10 % from a leakage current at the surface of the APD and is not subject to amplification. So the charge can
be written Q = Q

surf

+ M ⇥ Q
bulk

, M being the gain of the APD. The noise generated by the dark current
is just the fluctuation of the charges passing through the APD (shot noise). This fluctuation can be expressed
as �2

Q

= Q
surf

+ M2 ⇥ F ⇥ Q
bulk

, F being the excess noise factor which quantifies the fluctuations in the
amplification process and Q being counted in number of electrons.

If we note ✏ the fraction of the leakage current passing at the surface of the APD, the noise can be written as:

�
Q

=

r
�t⇥ I

d

e
[✏+MF (1� ✏)] (3)

where we see that the noise is increasing with the square root of the leakage current and the square root of the
integration time which tells that we have to take integration or shaping time as short as possible.

In this note, we are working in the time domain. A time step of 250 ps is chosen to simulate the evolution of

2

• M. Dejardin*: Charge integration might outperform pulse shaping for 
mitigating effect of APD dark current and out-of-time pileup associated with 
HL-LHC.

!
Important considerations
• More channels / physical space on detector
• EB resolution and dynamic range >> HCAL resolution and dynamic range
• more precise timing requirements
• higher radiation tolerance requirement

Figure 9: Variation of the equivalent input noise induced by 10 µA leakage current: in charge (left) and in energy
(right) for different CR-RC shaping times and for the GQI at 25 ns.

Figure 10: Effect of the quantization on the overall CMS-ECAL resolution for two amplifier hypothesis using the
ADC architecture as it is used today: 2-gains amplifier with 12-bits ADCs (left) and 3-gains amplifier with 10-bits
ADCs (right).

4.4 Digitization
With the expected increase of the noise level at HL-LHC, the legacy 40 MeV quantization step should be reconsid-
ered. But as presented above, with the decrease of the crystal temperature and a good amplifier choice, we can still
have a limited electronic noise at the beginning of the HL-LHC run. So a least significant bit (lsb) at 50 MeV level
is a good working hypothesis, even if the leakage current induced noise will increase quite rapidly afterwards.

We can explore different hypothesis for the quantization of the signal, changing the quantization steps and/or the
number of bits. Fig.10 shows the effect of 2 different hypothesis on the resolution of the calorimeter, using the
architecture as it is today in ECAL, i.e. multigain amplifier followed by linear ADCs. Some logics choose the
lowest non saturating gain.

Having a decreasing relative quantization noise with amplitude is also not very useful above a certain threshold.
We can explore other digitization strategies as it is done in the QIE [?] and especially as it is foreseen in the next
generation of the QIE (QIE13). The quantization error induced by such a system is shown on Fig.11 for 2 values
of the parameter which defines the subranges of the 8-bit ADC.

Looking at these figures, a 3-gains amplifier followed by a linear 10-bits ADC or a non linear 8-bits ADC seems
to be the best choices.

4.5 Timing measurement after digitization
If the implementation of a TDC on the VFE circuitry or if the increase of the number of bits is not affordable
within the limits of the data transfer links, we can still use the fact that the scintillation signal has got a finite decay
time to extract some timing information. This can be done after digitization, either in the off-detector electronics

7

* DN-2015-14
https://indico.cern.ch/event/371835/contributions/881679/
attachments/1150997/1652502/MD_Upgrade_20150908.pdf



Physical footprint

• 64-pin thin quad flat package is 12x12 mm2

• QIE die size is 3.2 x 3.2 mm2

• Make better use of space with 4-6 channels chip = “quad-QIE” chip.
• Developed for QIE11, but not needed.

1

3

2

1

D = 12mm 
(BSC)

• 20 pins devoted to LVDS 
output: 16 data, 2 clock, 2 
discriminator.

• QIE13: on-chip serialization 
reduces output pins by factor by 
2-4.
• Implemented for QIE9 (BTeV) 

but not used.

Not a problem for EB



Resolution and dynamic range

• Plot from Marc Dejardin from Ischia matches proposal for QIE13 for 
Shashlik from 2013 … next slide …

[TeV]
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DigitizationDigitization

● Linear or non linear ?

2 gains amplifier
12-bits linear ADC

3 gains amplifier
10-bits linear ADC

4 gains amplifier
8-bits non-linear ADC

4 gains amplifier
9-bits linear ADC



Resolution and dynamic range (2)

• QIE13 specs for Shashlik
• Add 2 bits to ADC

• room on chip is sufficient

QIE13 for Shashlik
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 + 5%E85%/
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ADC: 1.45^5
lsb =  8MeV

QIE11 QIE13

ADC bits 6 8

ranges 4 4

sub-ranges 4 5
Emax 1.1 1.5
Gain 
[fC/GeV] 313 380

LSB [MeV] 10* 8

LSB [fC] 3 3

dyn range [bit] 17 18**

% error in tail 1.5 0.25**

*MIP in HCAL ~ 110 MeV / layer
** With different ADC ladder, 0.31% uncertainty and 19-bit dynamic range.
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Not a problem for EB



Timing
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Timing after digitizationTiming after digitization

● Compare 2 consecutive samples
S

max
S

max+25 ns CR-RC (19 ns) resolution @ phase=0

GQI (25 ns) resolution @ phase=0

• Require 30 ps resolution for reasonably sized signals.
• QIE11 6-bit TDC gives 500 ps resolution over full 25ns bucket using 2 GHz 

DLL.
• 30ps requires 10-bit TDC for 40 MHz operation and ~40 GHz DLL.

• Technically feasible?  Probably not with current design.
• Is this data volume reasonable with zero suppression on front end?
• Use restricted range for valid codes?  Do we need 30ps resolution for full 25ns 

bucket?

• MD shows ~100 ps 
resolution for QIE-like GQI 
(20uA dark current and 50 
GeV signals) using energy 
measurement with 
knowledge of pulse shape.

• Are energy resolution 
benefits of GQI lost if 
GQI is run at 160 MHz?



EB radiation tolerance requirement
TID 

(krad)
1 MeV neutron 

(cm
>20 MeV hadron

(cm

EB 1000 1E+14 not considered

• QIE tested to 250 krad and 1e13 1MeV-neutrons/cm2.

• TID effects could be dose rate dependent.
• More studies required for EB use — biggest concern for QIE.



Summary

• QIE11 are tested to 1e13 1MeV-equivalent neutrons / cm2 
• Problems observed around TID of 250 krad.

• Behavior of electronics in high current beam difficult to interpret — 
more study needed.

• QIE13 charge digitizing ASIC would be well suited to EB for resolution and 
physical size.

!
• Radiation tolerance requirements for EB are challenging

• Timing precision requirements for EB are challenging 
• Simple TDC requires 10 bits, but more creative options possible.
• Timing from energy distribution in 25ns bins has ~100ps resolution — 

problem with GQI in general, not QIE.



Additional Material



QIE11 overview (3)


