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I. Preamble 
 
An R&D effort is underway to develop a highly-pixelated detector and 

readout for a possible 4th 10-kiloton detector for the Dune experiment.  The 
proposed approach would measure energy deposition in a Liquid Argon cryostat 
using multiple planes consisting of pixels of order ~3 mm x 3 mm.  The data 
would consist of “hits,” and events would be reconstructed in 3D using modern 
machine learning techniques. The technique has the potential to improve the 
capability to resolve ambiguities from matching between planes.  Because the 
pixels are small, the readout channel count becomes large, which places 
constraints on power, readout topology, complexity, and reliability.   

 
The proposed approach would use novel front-end electronics that 

consists of simple, low-power self-triggering, self-resetting charge-sensitive 
amplifiers and discriminators, with local clocks running with unconstrained 
frequencies to form timestamps.  The number of resets in a period of time would 
be proportional to the amount of charge received in that period.  The readout of 
the hits would be achieved through the use of dynamically established data 
networks to reduce readout complexity, as well as the risk from single point 
failures.      

 
The collaboration is engaged in the design of a demonstrator chip, with 

the goal of proving some of the novel ideas being developed for the front-end 
electronics.  Design teams have been formed, and work is underway.  A goal of 
this effort is to submit the demonstrator chip for fabrication ~mid 2020.  Results 
from tests of this chip will help guide the design of a real prototype device.   

 
A review of the progress on the development of a demonstrator Q-Pix chip 

was held on Apr. 3, 2020.  This is a report from that review, with findings, 
comments, and recommendations provided. 

 
 

II. Charge 
 

The review committee was not given a formal charge, but in discussion 
with the Co-PI, our role in this review was determined to be the following:  
“Evaluate the progress toward the design and development of a demonstrator 
chip, with the goal of submitting it for fabrication in early spring, 2020.  
Comment on technical aspects of the work, in the context of previous 
experience with designing cold electronics for Dune.”    
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III. Findings 
 

1. The development of the front-end amplifier and associated components 
for the demonstrator chip is underway.  Design work is proceeding in the 
180 nm node. 

 
2. The design team consists of designers from Penn, who are doing the 

analog front-end, and designers from the University of Hawaii, who are 
doing the digital part of the chip.   

 

3. The circuit design work for the analog front-end is well along.  
Schematics of the circuit blocks exist.  Simulations are in progress.  
Layout is about to begin. 

 

4. The design of the digital processing circuitry is still in the conceptual 
stage.  The design of the digital sub circuits will be executed using 
analog design techniques, as the standard cell library in 180 nm is not 
available to the UH team.   

 
5. At the review, there were several discussion threads on certain 

performance aspects and performance requirements, including dynamic 
range, reset times, leakage currents, linearity, and timestamp accuracy.    

 

 
 

IV. Comments 
 

1. The review team found the presentations very informative.  The design 
teams did a nice job in preparing presentations that described their 
approach and progress.  The informal exchange of ideas and discussion 
at the review were very useful.  

 
2. The chip design team is very strong and capable.  The Penn, Hawaii, 

UTA groups have made good progress in a short time, which is 
impressive when one considers the limited resources and funding that 
are currently available. The project has excellent engagement from the 
PI’s and the Q-Pix collaboration as a whole.  The spirit of “can-do” bodes 
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very well for the ability of this collaboration to deliver on this very 
ambitious project.  

 
3. From the presentations, the philosophy for this demonstrator chip is to 

design sub-circuits and test structures that will aid in understanding 
performance of individual parts.  The committee feels that this is a good 
strategy, and urges a balance against developing too much complex 
circuitry at this stage that might obscure basic understanding of the 
circuits, the fab process, and cold tests.    
 

4. During the review, there was a general sense that goals and 
requirements for this demonstrator chip were still being developed.  
These may be in the form of performance questions to be answered as 
well.  As a result, there did not seem to be a well-developed set of 
design or performance specifications.  While this is an R&D project, 
having goals and preliminary performance specifications are important 
aspects in the design of integrated circuits, so that the designers have a 
target.  We follow this with a recommendation below. 

 

5. Statements were made at the review that the design teams did not have 
personal design experience in the 180 nm node at cryogenic 
temperatures, but were relying on experiences from others in the 
community (who were not part of this collaboration) who did have this 
experience.  Moreover, it was stated that the transistor models that were 
being used in the analog design work were not qualified for cryogenic 
temperatures.  This is a concern from the point of view of having 
confidence in the simulations being performed at the design stage.  As 
an example, experience with cold electronics has shown that clock 
frequencies can increase at cold temperatures.  At the moment, these 
effects are not included in the device models being used.  Because the 
cold models for the 65 nm node are better understood, with significant 
experience to date now with the Dune chips, the collaboration might 
consider revisiting the technology choice in the next round of chip 
development.  

 

6. The work in progress is using full-custom, manual layout, and is not 
utilizing synthesis, place and route, and timing analysis. These aspects 
will certainly be important in the design of the full chip.  As mentioned 
above, timing characteristics can change as a function of temperature.   
Normally the clock rate is fixed over PVT. 
 

7. The use of series feedback capacitors in order to achieve better 
precision had some potential issues.  The absolute precision is already 
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of order 20%.  While true that variations are exacerbated in making small 
capacitors from edge effects, the added complexity and possible issues 
with the reset circuitry seems unwarranted.  

 

8. The noise performance of the system appears to be significantly affected 
by 1/f noise- specifically frequencies below ~500Hz. This suggests that 
the gain should be reduced for frequencies of less than 1kHz. Or stated 
in another way, the integrator should return to zero on a ms time scale.  
Reducing the low frequency noise should allow the performance of the 
integrator to be improved so that the threshold of the discriminator can 
be lowered and the equivalent charge in a Reset Time Unit (RTU) 
reduced from about 1fC to ~0.5fC. 

 
9. The concept of “dynamic range” does not seem to map well into the 

QPIX concept, but there is a maximum current that the system can 
reliably measure over a long (>few us) time scale. This maximum current 
is set by the size of the RTU and the maximum frequency at which 
resets can be applied. Currently, that limit is simulated to be ~33ns per 
reset or 33MHz, which implies a maximum current signal current of 
about 30nA per pixel. There would seem to be an advantage in keeping 
the RTU as large as possible, since the current is proportional to the size 
of the RTU. This tradeoff may be worth it, potentially resulting in a 
maximum frequency of ~33Mhz for the integrator resets. However, the 
effect of limited integrator bandwidth at this short period (which is ~100 
times shorter than the rise time of an integrator with 100kHz bandwidth) 
must be carefully examined.  There appears to be some inconsistency in 
these parameters. The bandwidth of the integrator may have to be 
increased or adjusted accordingly.   

 

10. There were questions about the required accuracy of the time stamp. It 
seems likely that there does not need to be a one to one 
correspondence between the frequency of the time stamp counter and 
the maximum frequency of the integrator resets. It may be perfectly 
acceptable for multiple consecutive RTU to have identical time stamps if 
the time stamp is sufficiently fine to maintain the desired resolution in the 
drift direction. In other words, the unit of current measurement (the RTU) 
and how frequently that current measurements are recorded is not 
coupled as long as care is taken to preserve the integral of the current 
(the charge) measurement.  The frequency of the timestamp counter 
might be reduced to ~4Mhz, since this should be sufficient to achieve the 
desired spatial resolution in the drift direction. This would significantly 
reduce the power required for the time stamp counter. It is may be worth 
considering adopting a hybrid architecture with a separate counter to 
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count the number of RTU’s within a single period of the time stamp 
counter, recording both when a signal occurs. 
 
 

11. In discussions of the overall architecture of the full chip, it appears that a 
fairly large amount of storage is planned to hold timestamp values.  The 
requirements should be evaluated carefully, as overdesign on this 
aspect can cause a large increase in chip size and power. 
 
 

V. Recommendations 

 

1. The Q-Pix collaboration should develop a clear set of goals that they hope 
to achieve with this demonstrator chip, and these should be captured in a 
note.  This will provide guidance in what circuit blocks should be included, 
and how they will be tested.   
 

2. To the extent possible, the Q-Pix collaboration should try to define 
targeted performance specifications for the chip.  This will provide 
guidance to the designers on when a design is sufficient, based upon 
simulation results. 
 

3. The design team should endeavor to acquire transistor models that have 
been vetted to cryogenic temperatures.   
 

4. The digital design team should consider incorporating standard cells and 
design synthesis into the design at an early stage, since this is what will 
be required for the real chip.   

 
 


