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Record single-shot precision of <20 m for direct-ToF ranging in sub-second integration time has been achieved. By varying 
the excess bias of SPAD, we found that the FWHM of collected histogram plays a deterministic role on the ranging precision. The 
effect of target reflectivity, laser repetition rate, and integration time on precision has been unified as a single parameter named 
effective integration time, Teff. A simple relation between Teff and precision has also been proposed and verified. 

I. Introduction 
Light-detection and ranging (LiDAR) system plays 

a key role in various application like auto-driving and 

satellite ranging, where CMOS single-photon 

avalanche diodes (SPADs) can be one of the best 

detectors in the receiver end because of its single-

photon sensitivity, excellent timing resolution and easy 

fabrication in CMOS process. Fast measurement with 

high ranging precision could trigger various 

applications [1,2]. In this paper, we investigates the 

precision of SPAD-based time-of-flight (ToF) ranger as 

the race on high-precision distance measurement has 

been ongoing for decades. In terms of cost and system 

complexity, direct ToF (d-ToF) is highly competitive 

among various ranging setups and the milli-meter level 

precision at 50 m distance have been achieved [4-8]. In 

this work, we demonstrate a record precision of 15.6 

m in half second integration time (Tint) with a d-ToF 

ranger using a CMOS SPAD chip, a 70-ps short-pulse 

905-nm laser, and a 10-ps time-bin resolution time-to-

digital converter in a TCSPC card. 
 

II. Experiment setup and result 
A single SPAD in a 64x128 array chip fabricated 

with 180-nm BCD process without any customization 

was used for this ranging experiment [3]. Figure 1 show 

the chip layout. The chip size including 64x129 SPADs 

and their quenching, reset, and readout circuits, is about 

4.1x5.0 mm2. The column and row selectors allow us 

to activate any single SPAD. The respective active size 

and breakdown voltage are 14 m and ~ 49.5 V. The 

dark-count rate, photo-detection probability (PDP) at 

905 nm, and deadtime at 6-V excess bias (Vex) are 1 

kHz, 9%, and 10 ns, respectively. Thanks to the high 

sensitivity of SPAD and to avoid pile-up effect in 

timing histogram, the focal lens in front of the receiver 

was removed.  Figure 2 illustrated our ranging setup 

including the TCSPC with time-tag time-resolved 

(TTTR) function to record every count in a long Tint (TL, 

100 or 200 seconds here) for subsequent analysis. 

Figure 3a shows the normalized TL histograms using 

90% target reflectivity (Rt) and 1-MHz laser at the 

excess bias of 1.7 – 6 V, which resulted the histogram 

full-width half maximum (FWHM) in the range of 

~1300 – 160 ps on the right axis in Figure 3b, together 

with the bias-dependent PDP and return probability on 

the left y-axis, denoted as RP, which is defined as the 

average return counts per fired laser pulse. The PDP in 

the bias range is about 2%-5%. The RP in the range of 

8% - 17% indicates a negligible pile-up effect in the 

timing histogram, which is particularly important to 

study the effect of histogram FWHM on the ranging 

precision.  

  

 
Fig. 1 Layout of the 64X128 SPAD chip. 

 
(a) 

  
(b)

 
Fig. 2 (a) Block diagram of experiment setup, 
(b) ranging setup photo. 



 
Fig. 3 (a) the normalized histogram for 1 second integration time in various Vex, (b) the RP、

PDP and FWHM of histogram in different excess bias. 

 
Using center-of-mass (CM) method for peak 

detection, we have obtained the measured distance with 

the TTTR data for all integration times. Figure 4 shows 

the standard deviations from >100 measurements, 

defined as the ranging precision (CM), as a function of 

Tint. The precision CM improved dramatically with the 

increasing Tint. Clearly, the best precision of 15.6 m 

was achieved successfully with 6 V Vex, 10 MHz laser, 

Rt = 90%, and Tint = 0.4 s. The inset on Figure 4 

demonstrates that, as expected, the probability density 

functions of the measured distances follow respective 

Gaussian distributions very well and the increasing Tint 

gave the smaller CM. 

Fig. 4 Precision vs. integration time at various Vex. Inset: measurement distribution at 
different integration times. 

 
III. Theoretical model for ranging result 

 

Figure 5a plots the precisions CM as a function of 

FWHM of TL histograms obtained with three Tint. It can 

be seen that, irrespective of varied Tint, CM decreases 

with the decreasing FWHM. To clarify the key factors 

affecting ranging precision, we introduce the effective 

integration time, denoted as Teff, defined as, 

 

 

𝑇𝑒𝑓𝑓 = 𝑇𝑖𝑛𝑡 × 𝑅𝑃 × 𝑓𝐿,       (1) 

 

where fL is the repetition rate of laser. In fact, Teff is the 

valid laser counts triggered by the returned photons 

from target scattering so its physical unit is counts. In 

this way, we can exclude the effect of the target 

reflectivity, the SPAD PDP, and the laser repetition rate. 

Fig. 5b shows a plot similar to that in Fig. 5a but at 

three Teff instead. The obtained trend is very similar, too, 

indicating that the FHWM of timing histogram is the 

dominate factor in ranging precision. 
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Fig 5. FWHM vs. precision. 

 
 

Figure 6 clearly exhibits the dominant role of 

histogram FWHM by plotting the precision at three Vex 

(or 3 histogram FWHMs) as a function of Teff for a few 

different ranging conditions, including Rt = 18% or 

90% and fL = 1 or 10 MHz. Obviously, at the same Vex 

(or the same histogram FWHM), the relation between 

the measured precision and Teff is the same as all data 

points fall on the same line. Interestingly, the log-log 

plot reveals an interesting dependence, 

𝜎𝐶𝑀 ∝ 𝑇𝑒𝑓𝑓

−1

2  ,        (2) 

After taking the fluctuation of counts in each time 

bin and calculating the error propagation to our CM 

method [1], we can approximate the precision CM as, 

 

𝜎𝐶𝑀 ≅ √∑ (
𝑛

𝑐𝑡
)2𝑐𝑛

𝑛=   
𝑁

2

𝑛=−
𝑁

2

∝ 𝑐𝑡
−1/2,      (3) 

 
where explaining the slope = -0.5 in log-log plot in Fig. 

6.. 

Figure 7 summarizes the d-ToF precision as a 

function of ranging precision [2]. Clearly, our precision 

is the best among reported works and it could be of high 

potential for future ranging applications.    

  

Fig. 6 Precision vs. 𝐓𝑒𝑓𝑓  at three Vex and in four cases in log-log scale
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Fig. 7 Precision vs. operating range since 1990 to 2022. 
 

IV. Conclusion 
  In this work, with 0.4-s Tint、70-ps laser FWHM and 

6-V Vex, we have obtained 15.6 m precision in d-TOF 

SPAD LiDAR at about 50-cm distance with low 

background condition. A theoretical model to estimate 

the relationship between the number of detected photon 

and precision has been proposed to explain our 

experimental result.   
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