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Abstract— This paper presents a short-pulse indirect 

time-of-flight (SP iToF) sensor using 6-tap pixels with a 

backside illumination (BSI) structure. The sensor 

demonstrates a fast response to near infrared (NIR) light and 

achieves high depth linearity (<0.8%FS) and resolution 

(<2%) over a range of 3-28 meters indoors. A comparison 

between 6-tap iToF sensors with front-side illumination (FSI) 

and BSI structures exhibits that the BSI structure provides a 

faster response to NIR light. The SP iToF pixel contains a 

photodiode and a charge demodulator, with six gates (G1 to 

G6) and one drain (GD). The BSI sensor, with a 5 µm 

substrate, shows superior performance due to faster response 

times, which improves linearity and depth resolution. This 

paper presents detailed measurements of the iToF sensor 

response using a short pulse laser and shows that BSI sensors 

have significantly smaller time constants ( 𝝉𝟏 and 𝝉𝟐 

compared to FSI sensors. This improvement is attributed to 

the thinner substrate of the BSI sensor. 
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I. INTRODUCTION 

 There has been a significant shift in the design of 

indirect time-of-flight (iTOF) image sensors from front-

side illumination (FSI) to backside illumination (BSI) [1-

5]. This transition has been driven by the need to improve 

the signal-to-noise ratio (SNR) and increase the sensing 

performance of ToF sensors, particularly in outdoor 

environments where background light, such as sunlight, 

can introduce significant noise. 

To mitigate the effects of background light noise, light 

sources with wavelengths of 940nm or longer, which are 

less affected by atmospheric absorption, are often used. 

However, conventional FSI image sensors suffer from 

reduced quantum efficiency (QE) at these longer 

wavelengths. Increasing the epitaxial layer thickness can 

improve sensitivity at longer wavelengths by extending 

the optical path length, but this also leads to a reduction in 

modulation contrast due to charge generation occurring 

further from the demodulation gate [6]. There is therefore 

a trade-off between QE and modulation contrast in FSI 

sensors [7, 8]. 

BSI image sensors, on the other hand, use reflective 

materials in the metal layer [9] and backside structures 

such as inverted pyramids [2, 10] and deep trench isolation 

(DTI) to achieve a longer optical path length to improve 

near-infrared (NIR) QE. As a result, BSI iTOF sensors do 

not face the same trade-off between NIR QE and 

modulation contrast as FSI sensors. The improvement in 

QE directly contributes to better range performance in 

iTOF sensors. In addition, the thinner substrate in BSI 

sensors improves modulation contrast, which further 

enhances range performance. 

In this paper, we compare the modulation contrast of 6-

tap iTOF image sensors fabricated using the FSI and BSI 

processes, based on the same pixel layout. We evaluate 

their responses to two types of pulsed light sources with 

full-width half-maximum (FWHM) of 15ns and 69ps. The 

BSI 6-tap iTOF sensor uses a short-pulse (SP) iTOF 

method. This method is advantageous for long distance 

measurements (over 10 meters) in outdoor environments 

because it uses the pulse light with a small duty cycle. This 

allows for higher peak power with lower average power, 

which reduces the effect of background light [5, 11]. The 

 
Fig. 1. 6-tap iToF pixel layout 
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sensor showed a linearity error of less than 0.8% full scale 

(FS) and a depth resolution of less than 2% over a distance 

range of 3-28 meters using two subframes. 

II. THE 6-TAP SP-ITOF SENSOR AND OPERATION 

Figure 1 shows the layout of the photodiode and charge 
demodulator of the pixel, which is common to both the BSI 
and FSI iToF sensors. The sensors were fabricated using a 
0.11 µm CMOS image sensor process. The number of 
pixels is 1080(H) x 488(V). The size of the pixel is 8.4 µm 
x 8.4 µm. The charge demodulators have 6 gates (G1 to G6) 
and 1 drain (GD). The photoelectrons generated in the 
photodiode are transferred to the demodulator by the 
electric drift field created by the impurity doping. They are 
further transferred to the respective floating diffusion for 
each time window by gating operations. The FSI uses 20 
µm epi-wafers, and the BSI’s substrate thickness is 5 µm. 
A back-substrate bias of −3V is used. 

Figure 2 shows the 6-tap iToF pixel circuit. The 6-tap 
demodulator operates with six short-pulse clocks 
corresponding to G1-G6 and a clock for the drain gate GD. 
The output signals from each tap are sequentially selected 
by the tap selection signals SEL1-3, with two taps being 
selected simultaneously. These signals are then output to 
the column readout circuit through two vertical lines. 

Figure 3(a) illustrates the operation of the gates within 
the pixel. The short-pulse light source and the ToF pixels 
are synchronized, with the gates of the demodulator 
sequentially turning on from G1 to G6. After G6 turns off, 
GD turns on until G1 turns on in the next cycle, effectively 
draining the charge from background light. 

Depending on the ToF, the signal output curve at each 
gate, shown in Figure 3(b), represents the ideal case. Ideally, 
the output at each tap varies linearly with the ToF. However, 
the response characteristics of the light source and 
demodulator can distort this behavior. This distortion 
affects the distance measurement performance. 

 
Fig. 2. 6-tap iToF pixel readout circuits 

 

 
(a) 

 
(b) 

Fig. 3. 6-tap iToF pixel operation (a) Timing diagram for 

Gating (b) Required ToF response 

 
(a) 

 
(b) 

Fig. 4. Response to pulse delay (a) FSI (b) BSI 
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III. MEASUREMENT RESULTS 

The output response curves of the 6-tap pixel when the 
timing of the incident pulsed light is delayed were 
measured as shown in Fig. 4. The measurements were 
conducted using a short-pulse light source with a pulse 
width of 15 ns, delayed by 1 ns increment using a delay 
controller. The light pulse period was 300 ns, and the 

wavelength was 940 nm. A bandpass filter with a center 
wavelength of 940 nm and a bandwidth of 10 nm was used. 
The output signal offsets were removed. 

Figures 4(a) and 4(b) show the response curves to pulse 
delay for the FSI sensor and BSI sensor, respectively. The 
FSI sensors exhibit good characteristics, but the BSI 
sensors demonstrate even better and more symmetrical 
triangular characteristics, indicating superior modulation 
contrast and sensitivity. 

To verify the detailed characteristics of the demodulator, 
the response of each gate output was measured using a very 
short-pulse light source. The iTOF pixel gates were driven 
with a 10 ns short-pulse clock, with a period of 300 ns. The 
short-pulse light source has a wavelength of 850 nm and 
FWHM of 69 ps. Figure 5 shows the sensor outputs for 
each gate: (a) for FSI and (b) for BSI. Their time derivatives 
are plotted in (c) and (d). Table 1 summarizes the time 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Response to impulse delay (a) Impulse response of 

FSI output (b) Impulse response of BSI output (c) Time-

derivative of FSI output (d) Time-derivative of BSI output 

1

2

1

2

Table 1. Time constants of 6-tap pixel response 
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(b) 

Fig. 6. Results of measured depth at indoor in the range 3-

28 m (a) Measured linearity and distance error (b) Distance 

resolution 

 

BSIFSI
Gate

2 (ns) 1 (ns) 2 (ns) 1 (ns) 

0.210.352.420.48G1

1.140.523.091.08G2

1.080.533.991.13G3

0.840.482.521.04G4

0.880.452.730.98G5

0.580.402.720.85G6

0.790.462.910.93Ave.
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constants 𝜏1 and 𝜏2 for both FSI and BSI. In BSI, 𝜏1 and 𝜏2 
are 2 and 3 times smaller, respectively, compared to FSI. 
This is due to the thinner epitaxial layer in BSI sensors, 
which increases the proportion of electrons that can be 
transferred quickly. As a result, BSI sensors achieve more 
efficient demodulation and faster response times.  

The distance measurement was demonstrated using the 
BSI SP iToF sensor over a range of 3–28 m in an indoor 
environment. Light pulses and gate driving clocks both has 
a pulse width of 15 ns, with two subframes used to extend 
the measurement range [3]. Figure 5(a) shows the linearity 
and error of the BSI SP iToF sensor measured indoors, and 
(b) shows the distance resolution. At the distance of 28 m, 
the sensor achieved a linearity error of <0.8%FS and a 
depth resolution of <2%. Figure 6 shows a distance image 
taken with the implemented ToF camera. 

CONCLUSION 

The SP iToF sensor with BSI structure shows better 
performance than the FSI sensor. The BSI sensor's thinner 
substrate and quick response to near-infrared light result in 
smaller time constants ( 𝜏1  and 𝜏2 ), improving depth 
linearity and resolution. Additionally, the BSI structure not 
only provides optical advantages but also significantly 
enhances the speed of charge modulation. This makes the 
BSI sensor ideal for precise depth sensing indoors over 3–

28 meters. Future work will focus on optimizing the pixel 
structure specifically for BSI, which is expected to further 
improve the sensor's characteristics. 
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Fig. 7. Distance image: (a) Environment setup (b) Captured 

depth image 
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