
time 10%-90%, as shown in Fig 10. This value is in 
agreement with the TCAD simulation results (see Table 1). 

V. CONCLUSIONS 
We discussed potential optimizations for PPD pixels 

designed specifically for ToF sensors. The TG region is 
very important to speed up the charge transfer. We focused 
on the pwell distance to TG, and on the threshold 
adjustment implant. The creation of drift field within the 
PPD region is also important: it can be achieved by shaping 
the PPD: here it is important to push the maximum 
potential region, in the PPD, towards the FD region. To 

optimize these points we make use of a custom 3D TCAD 
simulation deck. Main results are summarized in Table 1.  

We produced and measured chips containing different 
arrays of PPDs, with a pitch of 10µm x 10µm. One 
promising PPD shape is the “bell”-shape PPD: with this 
shape, we measured 8ns impulse-response time, which 
includes both the TG transfer time and photo-generated 
carrier collection time.  

All the optimizations described in this paper have been 
combined together leading to a final pixel with better 
performances. The QE has been further improved thanks to 
optimized silicon material: it is ~45% at 850nm and ~30% 
at 900nm (see Fig 11). The demodulation contrast, 
measured with the real-system illuminator is around 70% 
at 40 MHz and about 50% at 80MHz. This is thanks to the 
very low impulse-response time of about 3ns. We used a 
square-wave modulation, which is more and more 
approximates a sinusoidal function at high frequencies [8].  
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Fig 9  Setup for implulse response time measuremet. Sync signal from 
the test-bench-board (synchronous with TGs) is used to trigger the 
pulser, which, with an adjustable delay, triggers the laser pulse. The delay 
is changed, crossing the time when TG1 and TG2 toggle. Eventually, the 
FD signals as a function of time delay are plotted.  
 

 
Fig 10  Measured impulse response of PPD bell-shaped, obtained with a 
laser excitation (<100ps FWHM, =830nm) and moving the laser 
excitation in time with respect to the TG toggling time. Normalized FD1 
and FD2 signals are plotted. The rise time (10%-90%) is ~8ns. 

 
Table 1   SUMMARY OF THE PERFROMANCE VARIATION (EXTRACTED 

FROM TCAD SIMULATIONS). 

parameter Static 
contrast (%) 

Impulse response  
time (10%-90%) 

p-well self-aligned 100% > 500ns 
Higher p-well distance 100% 0% (ref) 
Much higher p-well dist. 50% -11% 
PPD shape: rectangular 100% > 300ns 
PPD shape: convex 100% 105ns 
PPD shape: triangular 100% 9ns 
PPD shape: bell 100% 8ns 

 
 

 

 
Fig 11  Measured QE of the PPD arrays, with 10µm x 10µm. Setup based 
on a broadband-lamp, a monochromator and a calibrated photodiode. 
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Abstract 

We report a novel event-driven correlated double 

sampling (CDS) technique for pulse-frequency-

modulation (PFM) analog-to-digital converters (ADCs). 

PFM-ADCs are promising for pixel-parallel 3-D 

integrated image sensors with excellent imaging 

performance. The developed ADC with CDS consists of 

comparators, capacitors, and timing control logic circuits 

that are designed to generate the triggered clocks to 

cancel kTC noise in a pixel. We confirmed that the 

prototype ADC showed noise reduction effects and also 

an excellent linearity with a wide dynamic range of 120 

dB, which indicates the feasibility of high-quality pixel-

wise image sensors. 

Introduction 

Recent demands are escalating for higher resolution and 

frame rate of image sensors [1]. Pixel-wise signal 

processing combined with 3-D integration technology is 

a promising solution to meet future demands. We have 

developed a pixel-parallel 3-D integrated image sensor as 

shown in Fig. 1 [2-4]. Several silicon-on-insulator (SOI) 

layers are bonded and connected within every pixel by 

high-density embedded Au electrodes [5].  

We adopted PFM-ADCs [6] for the sensor, whose basic 

configurations are shown in Fig. 2. The ADCs generate 

pulses whose frequencies are proportional to the 

illuminance. The ADC has advantages of small footprint, 

wide dynamic range, and high tolerance to noise outside 

pixel. However, kTC noise during resetting the PD 

causes a deviation of pulse frequency as noise per pixel. 

The conventional CDS is operated to cancel the kTC 

noise by periodical clocks for reset, clamp, and sample 

[7-8]. However, such periodical signals are not available 

for PFM-ADCs because the reset clock is identical to the 

output pulse and that the timing of which is not periodic 

but depends on illuminance. 

 

Pixel-parallel 3-D integrated image sensor

Conventional 2-D image sensor

Pixel-parallel
signal processing

Photodetector Pixel
Signal processor

3-D integration

Column-parallel
signal processing

Pixel

Signal processor

Photodetector

  
Figure 1: Pixel-parallel 3-D integrated image sensor  

compared with the conventional 2-D sensor. 
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Figure 2: Circuit diagram and operation timing chart  
of conventional PFM-ADC. 

 

Circuit Design 

We have developed an event-driven CDS applicable to 

PFM-ADCs as shown in Fig. 3. The signal charge in 

pinned photodiode (PD) is transferred to floating 

diffusion (FD) connected to the clamp capacitor (CCP) 

and the reset (RST) transistor. The comparator and 

inverter chain outputs pulses (P_OUT). The operation of 

the timing control logic circuits is as follows: the delay 

circuits create D1 and D2 as delayed pulses of P_OUT. 

The NAND, NOR, and OR circuits generate the logical 

product and sum of P_OUT, D1, and D2. They are 

applied to the RST transistor, the clamp (CP) transistor, 

and the signal transfer (TX) transistor for the CDS 

operation, where CCP maintains the voltage difference 

(V) to cancel the kTC noise. The event-driven circuits 

realize the noise reduction operation triggered by P_OUT 

in each pixel.  

Fig. 4 shows simulation results of the designed ADC, 

where the reset voltage (VRST) is 3 V, the reference 

voltage (VREF) is 2 V, and the threshold voltage of 

comparator (VTH) is 1.5 V. The voltages of several nodes 

are plotted as shown in Fig. 4 (a), where the comparator 

input node (C_IN) changes with tracing the FD potential 

(FD). P_OUT is activated whenever C_IN reaches VTH. 

Fig. 4 (b) shows the waveforms of the timing control 

logic circuits. Pulse output width and delay time per 

stage are set as 20 ns and 6 ns, respectively. The logic 

circuits can generate waveforms required for the CDS 

operation as designed. 
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Figure 3: Schematic diagram and timing chart of the developed PFM-
ADCs with event-driven CDS. 
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Figure 4: Simulation results for designed PFM-ADC  
with event-driven CDS. 

 

Measurement Results 

Fig. 5 shows chip photographs of the prototype ADCs 

on 3-μm-thick SOI. We obtained pulse outputs with their 

frequencies corresponding to the illuminance as shown in 

Fig. 6. Fig. 7 (a) evaluates the noise reduction effects of 

the ADCs with CDS by comparing them with the 

identical ADCs without CDS. While frequency of ADC 

without CDS is proportional to the reset voltage, the 

developed ADC with CDS suppresses the deviation to 

below 1%, which is caused by the fluctuations of the 

light-source. Fig. 7 (b) shows the input–output 

characteristics of the ADC with CDS, which confirms a 

wide dynamic range of 120 dB with an excellent linearity. 

We thus demonstrated the successful operation of novel 

PFM-ADCs with event-driven CDS. 
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Figure 5: Chip photographs of the prototype ADCs. 
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Figure 6: Measured outputs of the developed ADCs  

for different illuminance conditions. 
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Figure 7: (a) Deviation of the pulse frequency against reset voltage 

change and (b) input–output characteristics. 

 

Conclusion 

We developed PFM-ADCs with a novel event-driven 

CDS technique. Measurement results demonstrated in-

pixel noise reduction effects of below 1% and a wide 

dynamic range of 120 dB with an excellent linearity. The 

ADCs are promising for the pixel-parallel 3-D integrated 

image sensor with ultimate performances. 

 

 

 

 

 

 

 

References 

[1] R. Funatsu et al., “133Mpixel 60fps CMOS Image 
Sensor with 32-Column Shared High-Speed 
Column-Parallel SAR ADCs,” in IEEE Int. Solid-
State Circuits Conf. Dig. Tech. Papers (ISSCC), Feb. 
2015, pp. 112–113. 

[2] M. Goto et al., “Three-Dimensional Integrated 
CMOS Image Sensors with Pixel-Parallel A/D 
Converters Fabricated by Direct Bonding of SOI 
Layers,” in IEEE Int. Electron Devices Meeting 
(IEDM) Tech. Dig., Dec. 2014, pp. 4.2.1–4.2.4. 

[3] M. Goto et al., “Pixel-Parallel 3-D Integrated CMOS 
Image Sensors With Pulse Frequency Modulation 
A/D Converters Developed by Direct Bonding of 
SOI Layers,” IEEE Trans. Electron Devices, vol. 62, 
no. 11, pp. 3530–3535, 2015. 

[4] M. Goto et al., “In-Pixel A/D Converters with 120-
dB Dynamic Range Using Event-Driven Correlated 
Double Sampling for Stacked SOI Image Sensors,” 
in Proc. IEEE SOI-3D-Subthreshold Microelectron. 
Technol. Unified Conf. (S3S) Conf., 2016, 6b.3. 

[5] M. Goto et al., “A Three-Dimensional Integration 
Technology with Embedded Au Electrodes for 
stacked CMOS Image Sensors,” in Proc. 2015 Int. 
Image Sensor Workshop (IISW), 2015, pp. 48–50. 

[6] F. Andoh, H. Shimamoto, and Y. Fujita, “A Digital 
Pixel Image Sensor for Real-Time Readout,” IEEE 
Trans. Electron Devices, vol. 47, no. 11, pp. 2123–
2127, 2000. 

[7] M. White et al., “Characterization of charge-coupled 
device line and area-array imaging at low light 
levels,” in IEEE Int. Solid-State Circuits Conf. Dig. 
Tech. Papers (ISSCC), Feb. 1973, pp. 134–135. 

[8] J. Hynecek, “A New Device Architecture Suitable 
for High-Resolution and High-Performance Image 
Sensors,” IEEE Trans. Electron Devices, vol. 35, no. 
5, pp. 646–652, 1988. 

 

− 152−


