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Abstract Cryogenic simulation results
High-resolution time-to-digital converters (TDCs) are required for time-of-flight measurements in e Characterization of de|ay cells at Cryogenic temperatures
many scientific applications, including particle identification for high energy physics, biomedical 160
Imaging methods such as PET, and associated particle imaging (APl). FPGA-based TDCs are o FastRO _x 11 ‘ ' ' T —°
popular for such applications but suffer from limited resolution and high power consumption com- «  Slow RO X 10l —©—Raw data
pared to custom ASICs. In addition, full-custom TDC designs can be integrated within the signal 1957 ::E!: Pl ‘
chain of multi-channel or pixelated front-end ASICs, thus eliminating the need for power-hungry E | i w 9r
low-latency links to external FPGAs. Several applications for such fully-integrated TDCs, such as = 150 f,,fx” -
photon time stamping Iin rare-event search experiments, also require cooled detectors and front- 3 el 0r" 3 9
end electronics. Here we describe a full-custom TDC in 90nm CMOS technology designed for ° 145 | - e T ; 71
high-resolution and low-power operation in such cryogenic environments. 8 o7 €
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« Gated Vernier ring oscillator (RO) architecture. 9 a0 S
* Power reduced using single-transition end-of-conversion (EOC) detectors. S g 1500
+ Effective time resolution is set by the delay difference between slow and fast RO 2 E’mm
stages, A = T, — T, as for basic Vernier TDCs. 1001
* The differential delay, A, (i.e., the LSB of the TDC) has first-order robustness to 500
PVT variations if the two ROs use matched circuits. 50 | | | | 0 |
e The use of ROs (instead of open-loop delay lines) reduces the number of stages 0 0.2 0.4 0.6 08 1 0 S 10 15
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required to cover a given delay range, I.e., increases the dynamic range (DR).
+ Gating the RO on/off preserves phase, thus providing first-order noise shaping of N =0, 8-bit resolution Ns 2 0, 12-bit resolution
guantization errors in periodic applications (such as all-digital PLLS). * The power supply voltage of the TDC can be adjusted to optimize the trade-
_ _ _ off between resolution and power consumption.
Circuit design - , s
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 The design was implemented in the Skywater S90 ROIC 90nm CMOS process: 300 © Data, 1.1V _—_ 6 1.0v
« 7 metal layers, MIM capacitors, TSVs, stitching support. Data, 1.0V N \ 1V
+  Default "military” device models are rated from -55C to +125C, cryogenic models are 250 v P& g's;’ , 2% Good operating point
available at 45 K, 77 K, 120 K, and 150 K. 3 || Fit, 6.2 ps S 5 (tt process corner) {
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« Cross-coupled PMOS pair provides positive feedback to ensure rail-to-rail swings. g’ P -k “ 4
« Input multiplexers allow the oscillator to be gated on/off by the start or stop signal. 100 | ,5::——’6’ Q ]
« Strength of the buffer inverters is increased to add extra delay (used in the slow RO). V. 577" =35
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Performance summary

_ Timing resolution (LSB) 9.5 ps 4.9 ps @1.2V
Arbiter 6.2 ps @ 1.0V
* Acts as a time comparator, I.e., Dynamic range (DR) 40.2 ns (12 bits) 29.4 ns (12 bits) @1.2V
detects whether the fast RO edges VoD
(PF) are ahead or behind the slow
RO edges (PS): T b%ﬁ e w ez o Maximum conversion time 38 ns 28 ns

Active power consumption 0.73- 1.9 mA @1.2V 0.88-2.2 mA @1.2V
0.50-1.1 mA @1.0V
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out(i) - 1 if PF(i) is behind PS(i)
- {o, if PF(i) is ahead of PS(i)}

« Simpler and lower power than using
a D-type flip-flop (DFF).

« A DFF (not shown) is used to sample
the output of the arbiter at rising
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 Nominal supply voltage: 1.2V, can be reduced to 1.0V
 The proposed TDC design has good resolution (5-6 ns) and high DR (~30 ns)
with relatively low power consumption (<1.1 mW at 1.0V).
edges of the fast RO, i.e., PF(i). « Layout area Is expected to be small since the two ROs use a combined total of
 Dummy clock path delays ensure ‘ only 16 d_e'aY sta_ges._ . _
setup time of the DFF is not violated.  Post-fabrication linearity (as quantified by INL and DNL) can be improved by
using code density tests to populate a lookup table (LUT).

Conclusions

Single-transition EOC detector

 Reduces power consumption by | 3 |
vbD ED—e Single-transition detection (STD) cell

ensuringdthat only one transition Is | —, | Key design requirements for cryogenic TDCs include high resolution, wide DR, low

generated per conversion. l power consumption (to minimize cryogen loss rates), and minimal hardware usage.
. gfttslftt; fé:')ngwﬁﬂ%eioi?egggnjagpg A ED—e"te oo, The proposed design uses gated Vernier Ros to improve the trade-off between

, ’ iff_static_clr_1 - . _ .

edge coincidence and thus the end of Appeiiec these parameters relative to conventional delay-line based flash TDCs.

conversion (EOC). y
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