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Introduction Reference TDC architecture

Results

Discussion and conclusion

AI-enhanced synergistic position-time reconstruction in 

detectors for Positron Emission Tomography (PET) provides 

excellent performance for a 5 cm x 5 cm wide monolithic crystal. 

The Ultra-time-of-flight PET detector developed in the 

UTOFPET project has demonstrated state of the art 

performance in different configurations [1-3]:

• 12 mm LYSO 256ch: 0.8 mm FWHM, 150 ps CRT, 11.5% ER

• 16 mm BGO 64ch: 1.55 mm FWHM, 397 ps CRT, 17.9% ER

• 20 mm BGO 64ch: 1.68 mm FWHM, 409 ps CRT, 17.7% ER

The front-end electronics of the UTOFPET detector are based 

on the HRFlexToT ASIC [4] and a first version of FPGA-based 

multi-channel TDC.

        LYSO 256 ch version                    BGO 64 ch version

To further improve the detector, the timing performance of the 

FPGA back-end has been characterized at the level of the 

individual channels. This work presents a calibrated 64-channel 

FPGA TDC and characterizes, channel by channel, how the 

implementation strategy decomposes the single-shot precision 

into quantization and jitter noise, comparing constrained vs 

unconstrained design and identifying TDC-related bottlenecks.
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The reference architecture is a carry-chain TDL with a Wallace-

tree thermometer-to-binary encoder. Bubble handling strategy is 

counting the number of ones, rather than finding a single 

transition edge. Calibration is obtained with the code-density 

test, which measures the width of bins 𝜏𝑖.

We implemented 64 TDC channels on is Altera 

Cyclone 10 GX 220, each with 256 taps and 64 

bins running at 400 MHz.

Methods

The TDC figure of merit is the single-shot precision (𝑆𝑆𝑃), while 

for the detector is the coincidence resolving time (𝐶𝑅𝑇); on the 

bench the physics term vanishes:
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With non-uniform bins 𝜏𝑖, the quantization term exceeds the ideal 

LSB/ 2 (with LSB = ҧ𝜏𝑖):
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𝜎𝑄 and 𝑆𝑆𝑃 are each measured directly; 𝜎𝑗𝑖𝑡𝑡𝑒𝑟 is calculated as 

the residual. A code-density test (>10⁶ asynchronous 

hits/channel) yields all the calibrated 𝜏𝑖 and hence the jitter-free 

𝜎𝑄 using the 𝐿𝑆𝐵𝑒𝑞 formula above. A common low-jitter reference 

into all 64 channels gives the channel-pair precision, hence SSP =

𝜎∆𝑡/ 2 and 𝐶𝑅𝑇.

The full chain is run identically for two TDL implementations 

compared in this work: the default "arithmetic" mode, where an 

adder is synthesized which makes the fitter automatically infer a 

carry-chain, and a "constrained" mode, where the carry-chain is 

placed ensuring that the TDL geometry of all 64 channels is 

uniform and does not cross peripheral clock region boundaries.
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Per-channel characterization: arithm. (top) vs controlled 

(bottom)

In the plots above, it can be seen how controlled placement 

reduced significantly the quantization error, even though it does 

not affect the SSP distribution. This happens because a more 

constrained design slightly increases jitter, which becomes 

dominant.FoM Arithmetic Controlled Variation

LSB [ps] 39.1 ± 2.3 40.7 ± 1.6 +4%

Ultra-bin [ps] 159.7 ± 76 101.1 ± 12 -37%

LSBeq [ps] 82.9 ± 32 62.6 ± 3.8 -24%

𝜎𝑄 [ps rms] 24.5 ± 7.3 18.1 ± 0.8 -26%

𝜎𝑗𝑖𝑡𝑡𝑒𝑟 [ps rms] 24.6 ± 15 29.5 ± 12 +20%

SSP [ps rms] 34.7 ± 9.7 34.6 ± 10.1 0

CRT* [ps FWHM] 115.5 ± 32 115.2 ± 34 0

Module CRT [ps FWHM] TDC2/CRT2 Rest of chain

12 mm LYSO, 256 ch 150 59% ≈ 96 ps

16 mm BGO,  64 ch 397 8% ≈ 380 ps

20 mm BGO,  64 ch 409 8% ≈ 393 ps

UTOFPET TDC showed to be adequate for BGO, but for LYSO-based 
detectors further FPGA upgrades are required to drive 𝜎𝑗𝑖𝑡𝑡𝑒𝑟  below 
30 ps rms. These upgrades might require more capable FPGAs 
(same technology) to implement Wave-Union/Multi-TDC averaging 
or finer-node FPGAs (< 20 nm process) to reduce FF aperture and 
routing capacitance.
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