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Fig. 3 Optical signal propagation in the dynamic scene
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Fig. 4 The 2-tap pixel structure and the signal transmission within the i-ToF sensor

Fro3ir o B 32 B FBAR S S SE I e DC TR I XS
IO ) k1R e X D' HL T B AR B i U — > B

Fe I T N #% 29T 8L H 25 SDO A1 SD1 AY G B F %K
18 Nopo Bl Ny B9 R38R

Ngpo = /epp-/eQE-JTe(cos wg‘)-(rl cos((wg + wy)t— g//)-l— rt ro>dt

0
T

(10)

Ngp = /eFF-kQE-J e(cosw.t+ n)-(rl cos((wR +wy)t— </1)+ r+ ro)dz‘
0

K e(a) HPRLIBTER A% R 71521 (3) F=(6)
il A O it R 45 R R ) 25 40 1 AR O A B
X Z I H R 25 M AR T PR A R R A I T
T LAY B A B R 22 AV AT LARIR
(Nspt — Nepz )e
AV=——"——"""— (11)
(/SD
K e Al F A Cop Y BUBANBAE, XS
BB RIH T K
S XHE S A PR AT A R
Vo A 220 B LR Vo W LARIR A

AV — — N
V= round Co . Vo + — Nuws
VSI) 2N —1 CSD
2N —1

(12)
K NERMAEG N, NERY B AW A &
3.3 #BEFERE
R T AT B R AR A5 R AR SO T P 2 5 8 Ay
LT % 22 M Do-iToF 3 J& il & 7 i, {5 B0 F2 40
5 I o JIr 4 BB PR R R T ik B 2 D
A7 — W& 220 5, PO 2 R A7 — W& 22 0 & 0 1L .
"M AFIOCE Bk BEBRER MFES L
BEH M S S 80, bl I dE AT sh & S s i &, BRI
AL < AR WO IR R AE 5 0T AR 8 O TR S 80 A
HlOCAE 7, 456 W Ik o B2 5 BB B X AR 5 U AR
HIE IR RN Z2 3 W RS, TF SR BR B O A R S I &= 0

HAG 5 AR W IR I 2R R L fFE S . 3
DY B4 R 5, 3817 i-ToF & 2% 1Y 15 5 1R
WIRFHCEBRZSHOIE R FRES A mE 2N
T R A S 0T o8 U R L 15 20 PR A Ok
HFRcE ., @ 2amm5anis, ifms
il PR 4 B o R 2 I R I O BB OB AR B
W % 22 0 i R B o, R IS BRI B AE T
ALY S8 R R A5 RS a3 TR I 9k AR B
SL 0 5 (R IE TR B . X T Do-iToF # B I
U5 BBk 22 34T — Wk Ah 22 M i, 938 33 Do-iToF Jr
RN ;-

4 R EA R S o H

BRI T 2 B0 8 AN 2% 2 T/, oK 8 R ik i A
BRI R PR BE . Hh, 5 1-ToF REEHMRK
49 T B0 TR B0 ' TR S 55 R B OIe R R SO R 4L
SR E SR BUEBRRMEGEN T BT RCRES
2% T A Y -ToF g RGN IR0 B HOL
HE iR JBE 8¢ Ry 1E 7 i ORI Ay SR R ) R 3 ThT 119 R
AR5 24K 1A LA 50 o
4.1 #HEFELRSTNHERXT L RIE

R 6 IE JIT B AR R A R L R A AE MR (T 2 ]
(9 3D i-ToF A ML R A HL SR | I 5 10 {7 45 3R
FTR L RAE o 2R AL DO AR 7 00 B 3 AR A I B8
B R 07 V180 AR A I 2 2% S 5 I A v i 22
DN ek 235 2R 2 AR R A, R AT DUAE S %) L 36 0E /9 2 2% .

0212002-5



£ 635F2H/2026 £ 1 B/BAERBEFZHE

yes

start simulation

input the key parameters
of each module

generate light source modulation
signals, i=0

caleulate the modulated optical signal

v

i=i+1

calculate the photogenerated electron
signal

v

generate homodyne demodulation
signals

v

demodulate the reflected optical signal

v

calculate the differential voltage

v

obtain the quantized result

<=0t >

no
A 4

add Doppler shift onto the modulated
optical signal

add phase delay onto the modulated
optical signal

compute the ambient light signal

v

add the ambient light onto the modulated
optical signal

v

calculate the reflected optical signal

yes

YES
h J

— obtain frequency and velocity

generate heterodyne demodulation i
signals and demodulate

v

differentially readout and quantize

v

calculate velocity based on the Do-iToF

end simulation

F5 BALy EO A

Fig. 5 Simulation workflow of the model

F2 BAERSHE

Table 2 Default parameter settings of the model

Symbol Parameter name Parameter value
AR Wavelength of illuminator /nm 850
P Intensity of illuminator /(mW +sr™") 250
Puo Intensity of ambient light /(W+m *) 1000
14 Reflectance of surface 0.8
ke Transmittance of ambient light 2.18X10 ¢
Fir Transmittance of illuminator 0.67
F Aperture size 1
¥ Focal length of lens /mm 5
kg Pixel fill factor 0.99
kar Pixel quantum efficiency 0.25
Niax Pixel full well capacity 25000
Csp Pixel storage node capacitance /{F 3
Quantization range of the
Vo differential signal /V !
P Frequency offset of heterodyne 1000

modulation /Hz
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Fig. 6 Photograph of the homodyne measurement test environment and comparison of results. (a) Test environment ; (b) comparison

between simulated and experimental results
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Indirect Time-of-Flight Velocity Imaging System Model Based on Optical and
Electronic Signal Transmission
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‘Tianjin Key Laboratory of Imaging and Sensing Microelectronic Technology, Tianjin 300072, China

Abstract

Objective With the widespread application of indirect time-of-flight (i-ToF) imaging technology in areas such as intelligent driving,
industrial inspection, and biomedical imaging, there is an urgent need to develop a system model that can accurately simulate the
velocity imaging process and clearly represent the relationship between system parameters and velocity measuring results. This study
aims to establish a high-precision i-ToF velocity imaging system model for dynamic scenes, addressing the limitations of existing
modeling approaches in terms of simulation accuracy and signal modeling. Most existing models simplify the transmission and
processing of optical and electronic signals, making it difficult to fully capture the effects of key components such as pixel-level signal
conversion, demodulation, and quantization on imaging performance. This is particularly problematic when simulating Doppler shifts
and phase variations in dynamic environments. Therefore, building a simulation model that can precisely replicate the internal signal
processing of an i-ToF system and closely match actual measurement results is of great theoretical significance and practical value for

guiding system design, error analysis, and performance optimization in velocity imaging applications.

Methods This study presents a system-level simulation model for i-ToF velocity imaging, grounded in the transmission processes of
optical and electronic signals. The modeling starts with the propagation of optical signals in dynamic scenes, incorporating modulated
light emission, background light interference, and Doppler-based frequency and phase shifts caused by moving objects. On the sensor
side, the model captures essential physical processes, including optical and electronic signal conversion, pixel modulation control,

diffusion capacitance integration, and quantized readout, enabling accurate simulation from optical input to electrical output. Based on

0212002-11
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this framework, a complete simulation workflow is constructed for both continuous-wave and Doppler i-ToF velocity measurement

methods, and simulation experiments are conducted under various scene conditions. The accuracy of the model is evaluated by
comparing its outputs with theoretical calculations and data obtained from a Texas Instruments i-ToF camera, with a focus on velocity
frequency extraction and error trends. Furthermore, the Mitsuba ray-tracing engine is employed to extend light distribution modeling
across full pixel arrays. The influence of modulation frequency, frame rate, and quantization precision on velocity imaging error is

systematically analyzed, demonstrating the model’s practicality and effectiveness for system design and optimization.

Results and Discussions The proposed i-ToF velocity imaging system model demonstrates high accuracy and practicality across
multiple simulation validations. In continuous-wave velocity measurement experiments, the simulation results closely align with data
from a Texas Instruments i-ToF camera. The normalized waveform trends match well under homodyne measurements, with a root
mean square error (RMSE) as low as 0.0827 (Fig. 6 and Table 3), confirming the model’s capability to replicate real-world i-ToF
measurements. Compared with existing ray-based and Monte Carlo estimation methods, the proposed model significantly reduces
ranging errors within the 1-3.6 m range, achieving an overall root mean square error (RMSE) of 1.34 cm—38.5% and 52.1% lower
than the two baseline methods, respectively (Fig. 7). Additional continuous-wave velocity imaging simulations show that the model
accurately captures Doppler frequency shifts caused by object motion under various modulation frequencies, with extracted frequencies
closely matching theoretical values (Fig. 9). The analysis indicates that higher modulation frequencies and frame rates effectively
reduce velocity imaging errors (Fig. 10). In Doppler i-ToF simulations, the model successfully replicates both homodyne and
heterodyne measurement processes, producing accurate velocity images (Fig. 11). Error analysis further reveals that system
quantization precision has a notable impact on velocity accuracy: lower bit-depth quantization introduces larger errors, particularly near
the zero-crossing point of homodyne measurement magnitude (Fig. 12), whereas high-precision quantization significantly reduces
RMSE (Fig. 13). Overall, the model effectively integrates the transmission processes of optical and electronic signals with system

parameters, offering a reliable reference for the design optimization and performance improvement of i-ToF velocity imaging systems.

Conclusions This study presents a comprehensive simulation model for indirect i-ToF velocity imaging systems, with a focus on the
transmission processes of optical and electronic signals. The model accurately captures key components of the imaging pipeline,
including optical signal propagation in dynamic scenes, optical and electronic signal conversion within the sensor, signal
demodulation, and quantization, thereby establishing a precise relationship between system parameters and velocity measurement
outcomes. Simulations of two 1-ToF measurement methods—continuous-wave and Doppler-based i-ToF—are conducted and
validated against experimental data from a Texas Instruments i-ToF camera as well as theoretical predictions, demonstrating the
model’s accuracy in replicating system behavior and capturing error trends. Error analysis shows that increasing the modulation
frequency and frame rate significantly reduces velocity imaging errors in continuous-wave systems, while higher quantization precision
1s essential for improving accuracy in Doppler-based systems. Compared to existing models based on ray tracing and Monte Carlo
estimation, the proposed model achieves superior ranging accuracy and more effective error control. Overall, this work provides a
robust theoretical and technical reference for the design and optimization of i-ToF velocity imaging systems, offering practical

guidance for enhancing measurement precision and system robustness across diverse application scenarios.

Key words optical sensing and sensor; indirect time-of-flight; velocity imaging; imaging system modeling; simulation of optical and

electronic signal transmission; Doppler indirect time-of-flight
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