


example comprise a multi-bit counter and a picosecond resolution TDC [19],[26],[27]. One of the available
implementations of the MEGAFRAME concept comprises an array of 32x32 pixels each of which is capable of
performing TOA measurements with picosecond resolution and digital photon counting; it was conceived to operate both
in TCSPC and time-uncorrelated photon counting (TUPC) modes. In TCSPC mode, the TDC in each pixel is enabled; it
can determine and store the first of 10 TOA measurements in every frame of a length of a microsecond. In TUPC mode
the counter in each pixel is enabled; it can count up to 64 photon arrivals per microsecond. Figure 16 shows a
photomicrograph of the implementation of MEGAFRAME reported in [19] and [28]. The design includes a phase-lock
loop (PLL) frequency synthesizer that generates the clock signals necessary to operate the TDCs. A I’C block also
integrated in the chip manages the various modes of operation seamlessly. The overall chip and pixel architectures are
described in more detail and fully characterized in [19],[28].

Figure 16. Photomicrograph of MEGAFRAME, a 32x32 pixel array, capable of performing 1 million TOA evaluations per
pixel per second at 119ps time resolution.

Table 2 is a summary of the performance of four representative image sensors characterized by random-access,
event-driven readout and on-pixel TOA evaluation. The imagers were implemented in a variety of CMOS processes and
thus a fair comparison is not possible. Since the first two architectures in Table 2 do not include integrated TACs/TDCs,
we report the timing uncertainty as it is evaluated externally, using a commercial TDC, while timing resolution and
differential/integral non-linearity are reported elsewhere. The overall pixel bandwidth refers to the maximum symbol rate
that the image sensor can generate per pixel (irrespective of whether TOA is computed on- or off-chip). When TOA is
computed off-chip, we assumed that processing speed is not limited by the TAC/TDC used but by intrinsic I/O speed.
This is why the design of [22] is penalized in the table with respect to the two previous designs, as the integrated TDCs
are the bottleneck. In this design in fact, only one row can be operational at each time, while each four columns share a
TDC. Thus, the overall TDC bandwidth of 10MS/s must be divided by 4 times 128, to reach the reported value.

In the design of [19] a bandwidth of 1MS/s in TCSPC mode can be achieved, while a much higher count rate is
possible thanks to an on-pixel 6-bit counter. Thus, the maximum count rate is limited by the dead time of 100ns. The
timing uniformity, wherever measured, is expressed in % or LSB depending on the presence of TOA evaluation on-chip.
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Table 2. Performance of CMOS SPAD imagers for three representative architectures.
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4. CONCLUSIONS

In this paper we have reviewed the most important architectures available today in the context of SPAD image
sensors implemented in CMOS technologies. For the architecture selection it was shown how critical the target
application is, while proper circuit design techniques can be used to reduce the impact of supply and substrate noise.

In summary, with this research we have demonstrated that it is possible to implement significant functionality
together with single-photon detection capability in deep-submicron CMOS chips with a performance comparable to that
of state-of-the-art single-pixel detectors implemented in dedicated technologies, but with a massive number of pixels
operating simultaneously. The applications are endless, from biomedicine to chemistry, from engineering to
entertainment.
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