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ABSTRACT 

This paper reviews past and recent time-of-flight (TOF) 
range imagers, particularly for indirect TOF measurement. 
Different implementations of TOF range imagers for 
various applications are described. Current status for TOF 
range imagers in short-range, long-range, and measuring 
applications are also discussed. 

1 Introduction 
With the expansion in demand for 3D imaging 

technologies, much attention has been paid to time-of-
flight (TOF) range imaging. Except for relatively poor 
range resolution (or precision), the TOF technique 
provides the best performance in terms of acquisition 
speed, calculation cost, module size. For this reason,  
numerous developments of TOF range imagers have been 
reported [1-10]. SPAD-based direct TOF imagers [3-5] 
have rapidly been paid great attention because they have 
introduced backside illumination and 3D stacking 
technologies. On the other hand, the indirect TOF range 
imagers in which time of flight is measured by lock-in 
detection have advantages for high pixel count because of 
its simple pixel structure. Pixel counts significantly 
increased up to 1M pixels with a 3.5um pixel pitch [8-10]. 
Also, an indirect TOF range imager has achieved very high 
range resolution (< 100um) [11]. In this paper, we will 
discuss key technologies in next-generation TOF range 
imagers, particularly in indirect TOF range imaging. 

2 TOF range imaging 
Fig.1 shows the principle of TOF range imaging. The 

TOF cameras obtain both an intensity and a depth image 
by measuring a round-trip time, i.e., time-of-flight (TOF) 
from a light source to an object.  

L =
c
2

𝑡𝑇𝑂𝐹  (1) 

Instead of LEDs, recent TOF cameras utilize a vertical-
cavity surface-emitting laser (VCSEL) as the light source 
because of its capability of high power irradiance and high-
speed response.  

The TOF measurement is classified into two categories: 
direct TOF (dTOF) and indirect TOF (iTOF) as shown in 
Figs.2(a) and 2(b). In the dTOF measurement, a short 
pulse laser is used, and the reflected photon is detected 
by single-photon avalanche diodes (SPADs), which 
generate a pulse associated with the received photon 
owing to the high avalanche gain. The arrival time of the 
photon is directly measured by time-measurement circuits 

such as the time-digital converters (TDCs). The dTOF 
imagers exhibit an excellent performance at long-
distance measurement owing to their high-sensitivity 
nature [3-5]. The dTOF imager should implement the 
TDC in unit pixel, which limits the pixel size. A shared 
TDC architecture [3,5] relaxes the requirement at the 
cost of non-simultaneous acquisition for all pixels, and 
the stacked technology prevents the deterioration of the 
fill factors of SPADs. However, the number of pixels is 
still limited to 65k pixels [5] and 0.1 M pixels [3] as dTOF 
imagers. The recent progress for SPAD and dTOF 
imagers are summarized in [12].     

On the other hand, iTOF imagers use a time gating 
corresponding to a fast electronic shutter, as shown in 
Fig.2(b). The iTOF pixels enable a charge accumulation 
within the time gate into in-pixel storage. The iTOF pixels 
is called lock-in pixel. Since the time gate is 
synchronized with the light, a time-dependent signal is 
obtained in the lock-in pixels. The readout of the lock-in 
pixels is similar to the standard CMOS image sensors. 
Thus, the in-pixel transistors are smaller than dTOF 
imagers. For this reason, iTOF imagers are suitable for 
high spatial resolution. Recently, iTOF imagers having 
>1M pixel counts have been presented [8-10].  

 
Fig. 1. Time-of-flight imaging  
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Fig. 2. TOF measurement method  
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3 Short-range, indoor applications 
For an indoor application such as AR/MR implemented 

for a mobile phone or head mount display, iTOF imagers 
having high pixel resolution over 1M pixels have been 
presented [8-10].  So far, the pixel pitch of iTOF imagers 
is over 10 um or more in order to obtain a sufficiently large 
amount of signals. On the other hand, these iTOF imagers 
have a small pixel pitch of 3.5 um. To enhance signal-to-
noise ratio, the iTOF pixels also have charge-domain in-
pixel storage that enables CDS readout for lower readout 
noise. In [8] and [9], the iTOF imager achieves a low noise 
of 3 e-, though the full well capacity is limited to be small. 
Those iTOF sensors have a binning function (2x2, 4x4) to 
optimize the pixel resolution and power consumption for 
the target scene.    

 

4 Mid-range and outdoor application  
The iTOF measurements are divided into two methods: 

continuous wave (CW) and short-pulse (SP) illumination. 
Compared to the CW-iTOF, SP-iTOF imagers having a 
small duty cycle is suitable for the operation under 
background light because the acquired background signal 
is suppressed to be small.  

4.1 SP-iTOF with multi-tap lock-in pixels  
Multi-tap lock-in pixels enabling multiple time gates in 

single capture offer a wide measurable range while 
keeping depth precision and robustness to motion artifact. 
Fig.3 shows the SP-iTOF methods using 3-tap and 7-tap 
lock-in pixels [13]. In Fig.3(a), the depth calculation 
performs using the signal ratio between G2 and G3 only. 
On the contrary, the depth calculation using 7-tap lock-in 
pixels enables the depth calculation for six time zones in a 
single frame, as shown in Fig.3(b). The Dmax of 7-tap lock-
in pixels is six times smaller than that of 3-tap lock-in pixels. 
Since the depth precision is proportional to Dmax, 7-tap 
lock-in pixels gives six times better precision compared to 
3-tap lock-in pixel, while keeping the measurable range. In 
addition to this, the BGL signals are also reduced in the 
method.  

An efficient timing operation, which is called a depth-
adaptive time-gating-number assignment, was also 
proposed in [13]. For the wide-range distance 
measurement, the difference of reflected photons between 
distances in short and long causes an issue; since the 
reflected photons of short-range are much larger than that 
of long-range, saturation is more likely to occur in short 
distances. In [13], the number of accumulation for each 
time gate (G1-G7) was adjusted so that the reflected 
photons (from targets having the same reflectivity) are 
equal for all measurement range. The effectiveness of this 
technique was clearly demonstrated in [13]. 

Fig.4 shows an example of 7-tap lock-in pixel using a 
lateral electric field charge modulator, so-called LEFM[14]. 
Recently, we have proposed a new type of charge 
modulator, tapped photodiode (TPD) modulator [15,16], as 

shown in Fig.5. Unlike the standard pinned photodiode, 
surface p+ layers are isolated from the substrate, and 
each of these p+ layers is directly controlled by their own 
electrodes. The structure has a high modulation 
capability for the channel potential and is suitable for the 
multi-tap implementation rather than the LEFM structure. 
The structure has achieved a high modulation contrast 
of over 90% with an 8-ns light pulse at 850-nm 
wavelength[16].   
 

 

 
Fig. 3. TOF measurement method  

 

 
Fig. 4. 7tap LEFM with drain   

 
Fig. 5. Tapped pinned photodiode modulator 
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4.2 Enhancing QE with high-speed response  
High sensitivity to a NIR light is essential for outdoor use 

because the laser emission power is limited due to eye 
safety. In addition, the 940-nm wavelength is suitable for 
outdoor use because the sunlight becomes weak at 
around 940nm due to the absorption of air. Since a longer 
wavelength has a smaller absorption coefficient of light, it 
penetrates deeper Si substrate. When the light is 
absorbed outside of the depletion region, the 
photogenerated electrons move around by diffusion 
mechanism. Although some of them are acquired as a 
signal, the collection speed is not acceptable in TOF range 
imagers. Thus, TOF imagers should have a wide depletion 
region to obtain both high NIR sensitivity and high-speed 
charge collection.  

The authors presented an SOI-based lock-in pixel using 
a fully-depleted thick substrate [17]. The conceptual 
structure is shown in Fig.5. The modulation gates are 
formed using active layers on the buried oxide (BOX) that 
are usually used for a source/drain of SOI transistors.  
The paper first demonstrates charge modulation capability 
at a 40-ns gate pulse using a fully-depleted thick substrate 
of >200 µm. To the best of the author's knowledge, it has 
achieved the highest QE of 55% at a 940-nm wavelength 
in TOF range image sensors. Since the limited QE is due 
to the loss caused by the parasitic sensitivity of FDs, 
further improvement on the QE is expected.   

Recently, the authors also have proposed a LEFM-
based charge modulator with substrate biasing [18]. The 
structure has a fully-depleted epitaxial layer with 13-µm 
thickness in the bulk CMOS that is highly compatible with 
standard CMOS image sensor technologies. The structure 
theoretically obtains a relatively high QE of 25% in a 
calculation while keeping high-speed modulation.  

Enhancing NIR sensitivity using advanced process 
technology has also been presented. They increase 
effective absorption length using scattering [9,19] or 
diffraction [10,20] at the backside with multiple reflections 
using deep trench isolation technology. Those 
technologies are a good solution to attain both enhancing 
sensitivity as well as reducing crosstalk, though full/high-
aspect ratio DTI technology is necessary.  

 

5 Sub-100µm precision for 3-D scanning application 
3-D scanning systems are widely used as industrial 

measurement tools aimed for component inspection, 
reverse design, and reverse engineering. The realization 
of TOF-based 3-D scanners provides attractive feature, 
such as a coaxial system enabling occlusion-free 3-D 
measurement and small head size compared to the active 
triangulation method. Since the precision of typical TOF 
imagers is limited to a few millimeter, the range precision 
improvement is necessary. For this purpose, we have 
presented a TOF sensor and system with very high depth 
precision of 64µm, corresponding to 430-fs time 

precision[11]. In the TOF sensor, TOF measurement 
with photocurrent response, high-speed lock-in pixel and 
reference plane sampling for light trigger’s jitter reduction 
are applied. Fig.7 shows an example of 3-D scanning for 
cat miniature whose size is 32 x 50 x 30 mm3.  

 

6 Conclusions 
This paper reviews recent time-of-flight (TOF) range 

imagers, particularly for iTOF measurement. Since the 
applications of TOF range imaging will definitely expand, 
further continuous development is expected.  
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