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Abstract  This paper presents a CMOS ToF range imager with 4-tap charge modulator using pinned-photodiode high-speed 

lock-in pixels. The proposed lock-in pixel structure using lateral electric field (LEF) control is suitable for implementing a 

multiple-tap charge modulator while achieving high-speed charge transfer for high time resolution. In this presentation, we report 

the design, implementation and evaluation results of the ToF range imager using the 4-tap LEF modulator. 
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1. Introduction 

Time-of-Flight (ToF) range imagers have a wide range of 

application such as gesture-based remote controllers, amusements, 

3D mice, 3D scanner, robot eyes, security systems and car-mounted 

camera. Various developments of ToF range imagers have been 

reported [1-5]. However, the reported CMOS ToF range imagers use 

single-tap or two-tap lock-in pixels, which require multi frames for 

background light cancelling. 

This paper presents a CMOS ToF range imager with 4-tap lateral 

electric field charge modulator (LEFM) [6][7] using pinned- 

photodiode high-speed lock-in pixels. The proposed lock-in pixel 

structure using LEF control is suitable for implementing a multiple-

tap charge modulator while achieving high-speed charge transfer for 

high time resolution. A CMOS ToF range imager with the multiple-

tap charge modulators is expected to have background light 

cancelling capability in one frame and to improve range resolution 

with shifted short light pulses. 

 

2. Pixel and ToF imager design 

2.1. Lock-in pixel with LEFM 

Fig. 1 shows the charge modulator using LEF control with 2-tap 

outputs and a Drain. In this charge modulator, 3 sets of gates (G1, 

G2, and GD) for applying lateral electric field to the channel region 

are used. The gates are not used for draining photo charge, but used 

for controlling electric field. For example, when the G1 is ON and 

the others are OFF, the potential of the LEFM (see profiles of X-X’ 

and Y-Y’) attracts photo electrons generated in the aperture region 

to be transferred to FD1. Similarly, photo electrons are transferred 

to FD2 or Drain by applying ON level to G2, GD, respectively, and 

OFF levels to the others. During signal readout, GD is ON and other 

gates are OFF for preventing the influence of background light. The 

doping concentration of the p-type epitaxial layer and surface p+ 

layer for hole pinning are optimized for realizing large potential 

modulation in the pinned-photodiode. In this work, we have 

investigated the charge modulator having 4-tap outputs (FD1, FD2, 

FD3 and FD4) and 5 sets of gate (G1, G2, G3, G4 and Drain). 

2.2. Operating principles 

The timing diagram with a small duty ratio light pulse is shown in 

Fig. 2. The gate pulse width of G1, G2, G3 and G4 is given by RDTC, 

where TC is the cycle time and RD is duty ratio of the gate pulse to 

the cycle time. Then, the gate pulse width of GD is given by (1-

4RD)TC. The signal light pulse width and the time of flight of the 

received light are denoted by T0 and Td, respectively. The difference 

of the amount of charges between the two FDs (FD2, FD3) reflects 

the time-of-flight of light pulse. The range is calculated by the delay- 

dependent charges. The equation for estimating the range in each 

pixel is given by 

 𝐋 =  
𝐜𝐓𝟎

𝟐
∙

𝐒𝟐

𝐒𝟐 + 𝐒𝟑
 (1) 

where c is the speed of light, S2 and S3 are outputs of FD2 and FD3, 

respectively. 

Actually, the background light charge may disturb the accuracy of 

the range calculation. In order to cancel the background light, FD1 

is used for taking background light charges only. By subtracting the 

output of FD1 from FD2 and FD3, the background light is canceled. 

Furthermore, range resolution is improved without reducing 

measurement range of the ToF imager by using FD3 and FD4 in 

measurement. 

 

3. Demodulation Contrast 

The sensor architecture is shown in Fig. 3. The TOF imager 

consists of a 160×240 pixel array, vertical and horizontal shift 

register, analog-to-digital converter (ADC), and LEF charge 

modulator driver. Each pixel has four FDs which are shared by 

twelve charge modulators. Each of the four outputs from each pixel 

are connected each of the column ADC and are converted to digital 

codes in parallel using high-resolution folding integration/cyclic 

ADCs [8]. 

Fig. 4 shows a measured demodulation contrast under the various 

gate pulse width, RDTC. These measurement results are obtained by 

average of 10 frames in 10×10 pixels in the center of the array. The 

frame rate is 15fps. The signal light pulse, T0 is set to 13ns. The high 
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demodulation contrast of 80% is achieved even when the gate pulse 

width is 20ns. 

 

4. Conclusion 

This paper presented a CMOS ToF range imager with 4-tap LEFM 

using pinned-photodiode high-speed lock-in pixels. A CMOS ToF 

range imager with multiple-tap charge modulators offer background 

light cancelling capability in one frame and improve range resolution 

with shifted short light pulses. The high demodulation contrast of 

80% is achieved by the developed ToF range imager. 
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Figure 1: 2-Tap LEFM with Drain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Timing diagram for the lock-in pixel operation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Sensor architecture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Demodulation contrast 
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