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4D Tracking

4D Tracking
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• High granularity and fast timing detectors exist, 4D Tracking refers to the merger of high granularity and fast timing.

Timing Resolution

ATLAS - HGTD
30-50 ps / track

CMS - ETL
30-40 ps / track
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• 4D Tracking is in the prototyping stages. There are many open questions:

• Sensor Material – T. Yang on SiC LGADs

• Sensor Structure – H. Farook on LGADs and A. Gentry on Small Pith 3D Sensors

• Front End Design – This Talk

• Time to digital converter (TDC) design – B. Markovic on 28 nm TDC and This Talk

Prototyping Stages

Sensor Comparator Time to Digital 
(TDC)

Amplifier
0100111

Front End (FE)

https://indico.phy.ornl.gov/event/510/contributions/2261/
https://indico.phy.ornl.gov/event/510/contributions/2153/
https://indico.phy.ornl.gov/event/510/contributions/2120/
https://indico.phy.ornl.gov/event/510/contributions/2169/
https://indico.phy.ornl.gov/event/510/contributions/2157/


Timing Resolution
• The sensor timing resolution has many contributions: jitter, Landau fluctuations, time walk… 
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σJitter =
Noise ∗ 𝐑𝐢𝐬𝐞𝐓𝐢𝐦𝐞

Signal

σLandau 𝜎TimeWalk ∝ 𝐑𝐢𝐬𝐞𝐓𝐢𝐦𝐞
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Constraints
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• Collider experiments come with limitations that must be balanced with the timing resolution:

• Low Mass – the mass in a detector increases back scattering and effects particle trajectories. Sensors, 
electronics, and infrastructure need to have as small of mass as possible

• Low Power – power generates heat which must be removed from the detector volume to stay within 
operational temperatures. Lower power sensors means less heat generated, and therefore less mass needed 
for cooling. 

• Small Area – the sensor pitch must be small for good spatial resolution

• Hit Rate – the sensor must be reset before the next particle arrives. 
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28 nm CMOS
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• Active LHC readout electronics are fabricated with the 65 nm 
CMOS technology. This study is on readout electronics 
fabricated in the 28 nm CMOS node. 

• Migrating to a smaller node in the CMOS size provides several 
advantages:

• Smaller propagation delays

• Lower power

• More logic per area

• Future collider experiments will demand more on chip 
processing, which makes having more logic per area a very 
attractive advantage of moving to smaller nodes. 

• However, there are challenges with smaller nodes in HEP:

• More contributions of parasitic capacitance 

• Unknown performance in high radiation environments
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https://doi.org/10.3389/fphy.2021.629028


LBNL Front End Electronics Activities
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Pebbles, CPAD2023• LBNL produced the BigRock and Pebbles (Pebbles, CPAD2023) chips in 28 nm.
• charge injection circuit 100 𝑒− to 20 𝑘𝑒−

• 16 channels with different input capacitances (0, 25, 50, 100 fF )
• High-power TDC for characterization (20 ps)
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Figure from K. Caisley

https://indico.slac.stanford.edu/event/8288/contributions/7644/
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• Meta Rock is the successor of Pebbles

LBNL Front End Electronics Activities

Josef D. Sorenson – UNM – CPAD202420 November 2024

Sensor Comparator Time to Digital 
(TDC)

Amplifier
0100111

A prototype low-power TDC based 
on a time stretching technique

reduction of the front end parasitic capacitance by 
• further minimizing some routing paths
• resizing the feedback FET smaller
Simulations suggest that this will improve the FE timing 
resolution from ~75 ps to  ~55 ps for a 50fF channel
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MetaRock Low-Power TDC
• The low-power TDC design is based on a 40 MHz clock.

• Two stages of time stretching are used to 

• Time stretching costs signal conversion time, which should not exceed ~ 2us, but it is low power and uses few 
components (small Area)
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Figure from Z. Zhang



Problem with Low-Power TDC
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X

X

• There is a short in the MetaRock chip between the 40 MHz 
clock (required for the low-power TDC) and VDDD (chip 
power).

• An incorrect IO cell placement was not found with 
LVS as we did not have access to backend views at 
the time. 

• Several chips underwent a Focused-Ion-Beam (FIB) 
technique to isolate the shorted pad and reroute the 40 
MHz input to a different pad. 

• The 40 MHz clock pad is rerouted to a pad used for 
external charge injection. 
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Test Setup
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MetaRock PCB

Low-jitter 
clock

MetaRock 
Chip

LBNL Test Setup



Noise Scans
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• The threshold is set to 1000 e- and charge injection is scanned from 500 to 1500 e-. 

• 100 injections are done at each charge, and the number of injections triggering preamplifier circuit are recorded. 

• A fit to 𝐹 𝑄 = 1/(1 + 𝑒−𝑘 𝑄−𝜇 ) with 𝑘 = 4/ 2𝜋 ∗ 𝑬𝑵𝑪 where ENC is the equivalent noise charge. 
• This is repeated for each channel, and the results are tabulated below. 
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High Power TDC
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• The high-power TDC uses a 1 GHz clock that ripples through a coarse counter and delay line in parallel.

• A coarse counter counts the incoming clock rising edges and the delay line propagates the clocks rising edge in 20 
ps increments. 

• The penetration of the clock rising-edge into the delay line is used for a fine count. 
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No Propagation Delay Delay Line Behind Delay Line Ahead

Mismatch in High Power TDC
• There is a propagation delay between the clock reaching the coarse 

counter and the delay line. 

• The propagation delay causes discrete jumps in the measured TOA. 

• This propagation delay is constant in a single measurement (TPV 
dependent) and is corrected in each measurement. 
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Displaced bins 
due to mismatch



TDC Improvements

24 September 2024
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• The mismatch is possible because the 
counter and delay line are in parallel. 

• Putting the delay line and counter in 
series would resolve this problem.

Stop



Preamplifier and Discriminator Performance 
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• After correcting for the high-power TDC mismatch, the TOA distribution is gaussian.

• The charge injection circuit has a jitter of ~ 2 ps (from simulation), and we assume negligible jitter from the high-
power TDC.*
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*not verified, testing with an external TDC  

Later TOA from smaller 
injections because of 
time-walk
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• The standard deviation of the TOA distribution is plotted below versus charge. 

• At low charge injections, the S/N ratio is less, which increases jitter.

Preamplifier and Discriminator Performance 
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• Compared to Pebbles, this is not significantly better jitter performance. We are investigating why.
• Optimization and validation of the setup?
• Non-negligible contribution to jitter from the high-power characterization TDC?

σJitter =
𝐍𝐨𝐢𝐬𝐞 ∗ RiseTime

𝐒𝒊𝒈𝒏𝒂𝒍
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• Time walk is an effect on TOA measurements 
due to smaller amplitude signals reaching 
threshold later than high amplitude signals.  

• The TOT’s relationship with the charge injection 
can be used to correct time walk.

• The TOT is calculated at each step in the charge 
injection.
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Time Walk Correction
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Time Walk Correction
• A look up table is made based on the combined TOA and TOT measurement.

• After the time-walk-correction, the TOA measurement is consistent for different charge injection levels. This 
does not affect the uncertainty in the time resolution caused by the front-end jitter.  
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• This correction assumed TOT with same resolution as the TOA. Real systems will have coarse TOT measurements, 
which will effect the time-walk corrections performance.



Conclusion
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• MetaRock is the latest edition of LBNL’s prototype front-end fabricated in the 28 nm CMOS node. 
• Front end optimized for parasitic capacitance
• Prototype low-power TDC, which has not been tested

• Measurements of MetaRock’s ENC, TOA, 𝛔𝐓𝐎𝐀 and TOT have been made. These measurements have 
been used for a time walk correction. 
• Setup validation still required!

• Upcoming measurements include testing the low-power TDC on the FIB altered MetaRock chips and 
studying the performance of the device under X-ray irradiations. 
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Backup Slides

24 September 2024 Josef D. Sorenson - UNM 21



24 September 2024 Josef D. Sorenson - UNM 22

Backup: More on low-power TDC Time Stretching
• Fast charge capacitor, discharge slowly

From Z. Zhang
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Backup: More on low-power TDC Time Stretching

TOT

dT1

dT2

Reset

Input

TOT

From Z. Zhang



Backup: More on the TDC requirements 
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TDC Specs

From Z. Zhang



Backup: More on charge injection circuit
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From K. Caisley



Backup: More on Timing Resolution
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σTrack =
σsensor′

N



Backup: Effect of the Mismatch Correction
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Mismatch FixedMismatch Not Fixed
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50 um x 50 um (half analog half digital)
Analog – FE, TDC, trimDAQs
• 35 x 35 (FE + TimeStretcher)
• Counters go into digital

Same power density as current detector (10uW for analog 
and digital), 5 uW for just analog.

Chose 12.5 ns – 

AFE  target
• 35x35 um2 minus TDC area (they share)
• AFE 50 ps at 3 ke 
• 1000e threshold (with 100 ENC at 50 fF)
• 5uW power (6uA at .9 V) - minus analog TDC

TDC Target Table
• Choose deadtime and dynamic range
• 40 MHz clock in LHC – recycled parameter

• Time stretching by a factor of 500

Double edge counting doubles clock frequency for counting
4mW per channel
(HGTD)
1 mm^2, higher capacitance

Comments from Timon on the hit rate



Meeting Context
• I am presenting on Wednesday 11/20, 

2:45 pm in the RDC 04 Parallel Session.

• The talk is 15 minutes (~13+~2).

• In person.

• Before I present there is at least one 4D 
tracking talk and at least 2 LHC 
Calorimeter electronics talks. 
• I am going to email Bojan so we don’t repeat 

too many of the same introductory slides. 
• I might add a “optional” collider experiment 

slide to give context, but I assume it will be 
mentioned by the other students. 

• A lot of the data analysis is incomplete, 
plots that will be redone are marked with 
red star
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