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Abstract

This paper proposes a Triple Compensation Method to systematically eliminate thermal
degradation and distance measurement errors induced by temperature variations in SPAD
(Single-Photon Avalanche Diode)-based direct Time-of-Flight (d-ToF) LiDAR sensors. As
temperature rises, the combined effects of reduced emission efficiency in the transmit-
ter’s Laser Diode (LD) and an increase in the breakdown voltage (Vgp) of the receiver’s
SPAD element result in decreased peak intensity and pulse width distortion. These fac-
tors directly cause rising-edge timing distortions, introducing significant walk errors and
thermal distance drift. The proposed triple compensation scheme comprises three distinct
stages: 1. Track 1 (Dynamic Gain Control): Real-time monitoring of junction temperature
dynamically adjusts the bias voltage (Vpijas) to maintain constant excess voltage (VEy),
mitigating degradations in Photon Detection Efficiency (PDE) and gain. 2. Track 2 (Walk
Error Compensation): Residual non-linear walk errors are corrected by real-time tracking
of peak intensity using an empirically derived look-up table (LUT). 3. Track 3 (Unit-Specific
LUT Compensation): Circuit delay drifts caused by manufacturing process variations are
compensated by applying a unit-specific calibration curve, derived via 3-sigma filtering
and second-order polynomial fitting (R2 = 0.991), stored in non-volatile memory (NVM).
Experimental validation across a temperature range of —20 °C to 60 °C demonstrates that
the proposed triple compensation reduces the peak-to-peak distance error from 1.11 m to
0.16 m (an 85.6% reduction) and decreases the standard deviation from 0.30 m to 0.035 m
(an 88.3% reduction), achieving an 8.57-fold improvement in precision. This approach
offers a highly practical and scalable solution for high-precision LiDAR operation without
requiring costly physical cooling hardware.

Keywords: SPAD LiDAR; d-ToF; thermal degradation; walk error compensation; gain
control; triple compensation; NVM LUT

1. Introduction
1.1. Background

With the rapid growth of the autonomous vehicle and unmanned vehicle industries,
there is increasing demand for direct Time-of-Flight (d-ToF) based LiDAR technology as
a core sensor for precisely perceiving the surrounding environment. In particular, SPAD
d-ToF LiDAR, which adopts a Single-Photon Avalanche Diode (SPAD) as a receiver, pos-
sesses high sensitivity and excellent temporal resolution capable of detecting even minute
signals at the single-photon level. Through this, it demonstrates excellent performance in
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long-range measurement and low-reflectivity object detection, and is receiving significant
attention as a next-generation high-performance perception sensor [1-3].

However, SPAD-based d-ToF LiDARs undergo complex thermal degradation through-
out the transmitter and receiver when exposed to rapid temperature changes in outdoor
driving environments [4].

e  Transmission side: As the temperature of the laser diode (LD) increases, non-radiative
recombination within the active layer increases and the threshold current rises, re-
sulting in a decrease in photoluminescence efficiency relative to the same driving
current. This leads to a reduction in the peak output of the transmitted pulse and
waveform distortion.

e  Receiver side: Increased semiconductor lattice oscillation (phonon scattering) causes
the breakdown voltage (Vpp) of the SPAD device to rise. As a result, under fixed bias
voltage (Vpias) conditions, the excess voltage (Vgx = Vpias — VBp) decreases, which
leads to a simultaneous decrease in Photon Detection Efficiency (PDE) and Gain.

1.2. Limitations of Existing Works

Existing thermal compensation techniques in d-ToF LiDAR generally fall into two
categories: hardware-level active stabilization and software-level algorithmic corrections.
Hardware approaches, such as thermoelectric coolers (TECs) or active voltage tracking
loops, provide direct compensation but introduce significant power overhead and hardware
complexity [5-9]. Conversely, software-driven approaches utilize look-up tables (LUTs)
or analytical drift functions, offering lightweight solutions but often failing to account for
non-linear dynamic walk errors. To address these limitations, this work proposes a hybrid
architecture that synergizes hardware-assisted bias regulation with software-based walk
error and polynomial calibrations.

1.3. Objectives

This study proposes a Triple Compensation technique based on the physical mecha-
nisms of error causes without the need for a separate physical cooling device, aiming to
precisely compensate for the temperature-dependent distance measurement error of SPAD
d-ToF LiDAR.

The proposed Triple Compensation technique operates in a three-stage system as
follows, tailored to physical error factors:

e Track 1 (Dynamic Gain Control, GC): By monitoring the junction temperature of the
SPAD in real time and dynamically controlling Vpi,s, VEx is maintained at a constant
level. This preserves the receive gain and PDE, thereby primarily suppressing peak
intensity degradation and pulse width distortion.

e  Track 2 (Walk Error Compensation): It tracks non-linear fluctuations in received peak
intensity remaining after GC application in real time and applies a Walk Error LUT for
each peak intensity derived from light intensity control measurement experiments to
provide secondary compensation for rising edge timing delay.

e Track 3 (Unit-Specific Calibration LUT): During the production calibration stage,
3-sigma preprocessing and 2nd-order polynomial fitting are performed to compensate
for the unit’s temperature-dependent delay drift caused by circuit element and process
deviations in a 2nd order, and this is stored in NVM (Non-Volatile Memory).

This paper quantitatively identifies the physical correlation between peak intensity,
pulse width, and rising edge delay characteristics according to temperature through the
analysis of actual waveform data and experimentally verifies that distance measurement
accuracy is improved by more than 10 times in a wide temperature range of —20 °C to
60 °C by applying the proposed triple compensation stepwise.
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1.4. Nomenclature and Notation Standardization

To ensure mathematical consistency and clarity throughout the manuscript, all physi-
cal parameters, supply voltages, and hardware channel designations have been unified.
Table 1 summarizes the standardized nomenclature applied across all equations, figures,
tables, and narrative text.

Table 1. Standardized nomenclature and notation used throughout the manuscript.

Parameter/Term Standardized Notation Description Superseded/Deprecated Terms
Applied voltage above the breakdown
Excess Voltage VEx threshold (Vbias — VBD) Vexcess, Vex, Excess voltage
Breakdown Voltage threshold at which avalanche
Voltage VBD breakdown occurs in SPAD Vbr, Vbreakdown

Normal Channel
Dark Channel

Peak Intensity

Normal Channel

Receiver channel exposed to incident laser Active Channel, Main Channel,

photons for ranging Signal Channel
Dark Channel Receiver channel optically masked from Blind Channel, Dummy Channel,
target photons for thermal monitoring Masked Channel
. Digitized peak amplitude of received Signal Power, Peak LSB,
Peak Intensity (LSB) histogram signal in LSB units Amplitude, Intensity Count

2. Materials and Methods

2.1. Theoretical Background and Thermal Drift Mechanisms
2.1.1. Operating Principle of d-ToF LiDAR

The direct Time-of-Flight (d-ToF) operating principle relies on measuring the total
elapsed round-trip time (At) between the emission of a short laser pulse and its detec-
tion by the receiver. As conceptually illustrated in Figure 1, the measured distance d is

mathematically expressed as:
c- At

d= 1
5 M)
where c represents the speed of light in air.
ToF )
Sensor Object - distance d
Laser Light
9 -
)
~
le N
€ 2]
Distance

Figure 1. Operational principle of direct Time-of-Flight (d-ToF) LiDAR distance measurement based
on the laser pulse round-trip time.

In a SPAD-based receiver operating in Geiger mode, the single-photon avalanche diode
is reverse-biased at a voltage Vpias higher than its breakdown voltage Vpp. A key physical
parameter governing the receiver performance is the excess voltage Vg, defined as:

VEx = VBias — VBD )

Excess voltage directly dictates two fundamental physical characteristics of the SPAD
element: Photon Detection Efficiency (PDE), which determines photon absorption and
avalanche probability, and internal multiplication gain, which governs the digitized peak
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signal amplitude. Figure 2 clarifies the fundamental distinction between systematic ranging
accuracy (mean error from true distance) and statistical precision (standard deviation, o)
affected by these parameters under thermal fluctuations.

Accuracy vs Precision

Accuracy: Actual distance (true value) error Precision: Measurement distance deviation

Error range between actual distance and measured Average measured distance standard distance deviation

. Low precision
distance ?,"—f’“‘ (large I:Ieviation) B
] Accuracy : " I Accuracy
. . High precision ¢ . .
} Precision (low deviationy | Precision
Low accuracy (large error) High accuracy (low error)

Accuracy
Precision

Accuracy
eee%t  menwws | Precision

Figure 2. Conceptual distinction between distance accuracy (systematic error from true distance) and
measurement precision (repeatability and standard deviation of measured points).

2.1.2. Transmitter Optical Degradation (Laser Diode Shift)

When exposed to ambient thermal variations, the transmitter module suffers from
significant optical degradation. As the junction temperature (T;) of the Laser Diode (LD)
rises, non-radiative recombination within the active layer increases, causing the threshold
current to rise and reducing the overall photoluminescence efficiency.

Concurrently, as shown in Figure 3, silicon-based photodetectors exhibit lower PDE at
longer wavelengths in the near-infrared spectrum. Furthermore, as depicted in Figure 4a,
the center emission wavelength of the laser diode red-shifts at a rate of approximately 0.2 to
0.3 nm/°C, introducing a spectral mismatch relative to the narrow-band optical bandpass
filter (OBPF) and compounding signal attenuation as the wavelength shifts and power
reaches the receiver array.

50

40

/

PDE (%)
8

0
840 860 880 900 920 940 960

Wavelength (nm)

Figure 3. Wavelength dependence of Photon Detection Efficiency (PDE) for a typical silicon-based
photodetector in the near-infrared (NIR) spectral range.
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Figure 4. Thermal drift characteristics: (a) Center wavelength shift in the laser diode light source as a
function of temperature; (b) Photodetector gain variation versus operating temperature with and
without dynamic thermal compensation.
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2.1.3. Receiver Electrical Degradation (SPAD Breakdown Voltage Shift)

On the receiver side, rising operating temperatures activate semiconductor lattice
oscillations (phonon scattering), causing the intrinsic SPAD breakdown voltage (Vpp) to
shift upward. Under a fixed bias supply (Vpiss), an increase in Vpp directly decreases the
effective excess voltage (Vix). Consequently, as illustrated in Figure 4b, both the PDE
and internal gain of the SPAD element degrade simultaneously, leading to severe signal
intensity attenuation and pulse waveform distortion [10-23].

2.1.4. Non-Linear Walk Error and Threshold Crossing Delay

The combination of optical power attenuation from the transmitter and receiver gain
reduction flattens the slope of the signal rising edge in the digitized histogram. In standard
threshold-triggered timing systems, a gentler rising-edge slope causes the signal to cross the
detection threshold later in time relative to the true photon arrival instant. This intensity-
dependent timing distortion, known as walk error, induces a false distance drift where the
measured position shifts systematically further than the true target distance [24,25]. The
overall cascaded physical process from thermal degradation to threshold cross-delay is
summarized in Figure 5.

I Temperature rise (T 1) I

LD active layer non-radiative | | Luminous Reduction in transmit
recombination 1 efficiency 1 peak output
Semiconductor Phonon | | breakdown Ll Overvoltage Peak Intensity Reduction &
Scattering 1 voltage (VD) 1 (Vex) | Pulse Width Variation

l

Rising Edge slope
reduction

J

Threshold Cross-Delay
(Walk Error)

Figure 5. Comprehensive flowchart illustrating the physical mechanisms of temperature-induced
transmitter and receiver degradation leading to threshold cross-delay (walk error).

2.1.5. Silicon-Level Electronic Propagation Delays

Beyond optical power attenuation, thermal variations introduce intrinsic electronic
propagation delays across the readout integrated circuit (ROIC). These electronic timing
drifts encompass SPAD avalanche buildup time, temperature-dependent RC decay shifts
in active quench circuits, and CMOS logic gate delays within the Time-to-Digital Converter
(TDC) input buffers. Because these electronic delays affect all pixels on the silicon substrate
uniformly, they constitute a systematic thermal drift component that persists regardless of
target distance or illumination conditions.

2.2. LiDAR Hardware System and Electronics Specifications
2.2.1. System Hardware Architecture

The evaluated direct Time-of-Flight (d-ToF) LiDAR system is built upon a custom-
designed multi-channel macro-pixel SPAD array sensor architecture. The transmitter
module adopts a 905 nm edge-emitting laser (EEL) diode paired with a collimating lens
assembly (f = 8 mm, NA = 0.3). The receiver optics consist of an f/1.4 multi-element
spherical lens integrated with a narrow-band optical bandpass filter (OBPF) centered
at 905 &+ 5 nm with a full-width at half-maximum (FWHM) of 15 nm to reject ambient
background light.

The readout electronics integrate an on-die digital temperature sensor (£0.15 °C
accuracy) sampled by an embedded microcontroller (STMicroelectronics STM32F407) via
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an I2C bus at a 10 Hz refresh rate. High-voltage supply regulation is managed by a 12-bit
digital-to-analog converter (DAC) driving a low-noise high-voltage boost converter to
dynamically adjust bias voltage (Vgias) according to the breakdown voltage temperature
coefficient (y = dVpp/dT). The raw arrival timestamps encompass deterministic system
hardware latencies—such as laser driver turn-on delay, SPAD avalanche buildup time,
quench circuit response, and TDC buffer transit times—accounting for a static baseline
delay equivalent to approximately 2.07 m (13.8 ns).
The primary electronic hardware specifications are summarized in Table 2.

Table 2. LiDAR Hardware and Readout Electronics Specifications.

Module/Component Parameter/Specification Value/Model Description
Laser Diode (LD) Center Wavelength/Optical Power 905 nm Edge-Emitting Laser (Osram SPL PL90_3)
Receiver Optics Focal Length/Bandpass Filter f =8 mm (f/1.4), OBPF 905 &+ 5 nm (FWHM 15 nm)
SPAD Array Architecture/Temperature Coeff. (y) Multi-channel macro-pixel ROIC, y =24/°C

Temperature Sensor

HYV Bias Control

TDC Module

On-die digital temperature sensor (TI TMP117/Custom
ROIC integrated sensor), +0.15 °C accuracy, 10 Hz (I>C)
12-bit DAC (Analog Devices AD5621) with Low-Noise
DAC Resolution/Output Step High-Voltage Boost Converter (TI TPS61040), Step size
AVD AC ~ 8.5 mV
Custom 0.18-pm CMOS ROIC On-Chip Ring-Oscillator
TDC, tygp = 65 ps (~2.07 m offset)

Type/Accuracy /Refresh Rate

LSB Resolution/Fixed Latency

2.2.2. Thermal-Electronic Error Propagation Analysis

To evaluate the impact of temperature sensing inaccuracy and bias quantization on
distance measurement precision, a quantitative error propagation analysis was performed.

Given the on-die temperature sensor uncertainty bound of AT = £0.15 °C and the
breakdown voltage thermal coefficient v = 24 mV/°C, the voltage tracking uncertainty in
breakdown voltage (AVpp) is expressed as:

AVgp =7-AT = (24 mV/°C) x (£0.15 °C) = £3.6 mV 3)

Combining AVpp with the 12-bit DAC quantization step size (AVpac ~ 8.5 mV), the
maximum uncontrolled fluctuation in excess bias voltage (Vgy) is bounded by:

AVEgmax = | AVgp | +AVpac =3.6 mV + 85 mV = 12.1 mV (4)

Around the nominal operating overbias condition (Vg = 3.5 V), this maximum excess
voltage variation (£12.1 mV) causes a Photon Detection Efficiency (PDE) shift of less than
0.15%. Empirically, this minor PDE fluctuation corresponds to an uncompensated timing
variation of less than 412 ps, which translates to a distance measurement error of:

c- At

Adery = < 1.8 mm 5)

Because this residual error (£1.8 mm) is substantially lower than the intrinsic single-
shot TDC quantization resolution (Adtpc = ¢ - trsg/2 ~ 9.7 mm), the specified hardware
configuration effectively ensures that thermal tracking tolerances do not limit overall
system accuracy.

2.2.3. LiDAR System Architecture and Structural Dark Channel

To clarify the hardware scope and ensure the generalizability of the proposed method,
the d-ToF LiDAR evaluated in this study is a custom-designed multi-channel macro-pixel
array sensor, rather than a simple single-point system.
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Optical System Specifications:

The transmission (emission) module employs a 905 nm edge-emitting laser (EEL)
diode paired with a collimating lens assembly (focal length f = 8 mm, numerical aperture
NA = 0.3). The reception optics consist of an f /1.4 multi-element spherical lens and a
narrow-band optical bandpass filter (OBPF) with a center wavelength of 905 + 5 nm and a
full-width at half-maximum (FWHM) of 15 nm to suppress ambient background noise.

Channel Definitions and Generalizability:

Within the multi-channel SPAD array structure, pixels are categorized into two func-
tional types. This optical masking strategy is not exclusively tailored to our specific LIDAR
but is an increasingly standardized architectural approach in generic advanced SPAD
arrays to decouple optical degradation from electronic thermal drift:

e Normal Channel: Active receiver pixels fully exposed to the optical path, receiving
incident laser photons reflected from the target for actual distance ranging.

e Dark Channel (Masked Reference): Specific pixels structurally shielded (optically
masked) from incoming target photons due to optical system limitations and bound-
ary characteristics. Because these dummy /blind pixels receive a significantly reduced
optical signal (<1\% optical crosstalk), they possess a lower signal-to-noise ratio (SNR)
but serve as a crucial internal reference. They are exclusively vulnerable to pure semi-
conductor temperature-dependent drift and breakdown voltage (Vpp) fluctuations,
independent of ambient illumination.

While the Dark channel is accompanied by a fixed distance offset (approx. 22 cm)
due to the physical array layout and routing differences, conducting a separate precise
compensation analysis on this channel allows us to mathematically isolate the intrinsic
electronic thermal degradation of the SPAD from the optical intensity variations in the laser.

2.3. Proposed Triple Compensation Scheme

This study proposes a triple compensation structure corresponding to the stepwise
characteristics of physical error factors.

The overall framework of the proposed triple compensation strategy is shown in Figure 6.
The raw distance, junction temperature (Tj), and received peak intensity are fed into the pipeline.
Track 1 dynamically stabilizes V', to minimize primary gain degradation. Track 2 corrects
residual intensity-dependent walk errors in real-time, and Track 3 applies a unit-specific second-
order polynomial curve stored in NVM to offset semiconductor process variations.

[Input Data]
(Real-time Junction Temperature Tj, Received Peak Intensity, Raw Distance)

|

[Track 1: Gain Control] — VBD(T)-based VBias dynamic control (VEx maintenance, primary
suppression of PDE/Gain degradation)

|

[Track 2: Walk Error LUT] — Quadratic compensation for non-linear timing delay based on
peak intensity tracking

[Track 3: Individual LUTs per Unit] — Production Stage Regression-Based Circuit Process
Deviation 2nd Order Polynomial Compensation (NVM Applied)

|

[Final Output]
(High-precision distance data compensated for temperature/intensity fluctuations)

Figure 6. Architectural flowchart of the proposed Triple Compensation Method, highlighting the
sequential execution of Track 1 (Dynamic Gain Control), Track 2 (Walk Error LUT), and Track 3
(Unit-Specific Calibration LUT).
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2.3.1. Track 1: Dynamic Bias/Gain Control (Overbias Regulation)

We developed a Track 1 algorithm that monitors the real-time internal chip junction
temperature (T;) by reflecting the Vpp temperature-dependent characteristics of SPAD
and dynamically controls Vp;ss in proportion to maintain Vg constant. To achieve this,
T; is continuously monitored using an on-die digital temperature sensor (accuracy of
£0.15 °C) sampled by an embedded microcontroller (STMicroelectronics STM32F407) via
I2C at a 10 Hz refresh rate. Based on the temperature coefficient of the breakdown voltage
(v =dVpp/dT), the target bias voltage is computed. This target Vp;,s is then applied to the
SPAD array utilizing a high-precision digital-to-analog converter (DAC) coupled with a
low-noise high-voltage boost converter, which ensures that the excess voltage (Vgx) remains
stabilized at the target level across the entire thermal window.

VBias(T) = VBD(T) + VEx, target (6)

Preservation of Vg, directly prevents the degradation of PDE and gain of SPAD and
primarily mitigates the effect of reduced light intensity due to the degradation of the LD’s
luminous efficiency in terms of reception amplification.

2.3.2. Track 2: Aperture-Shielded Walk Error Compensation

To derive a precise Walk Error Look-Up Table (LUT) free from thermal or distance-
induced artifacts, strict isolation of independent variables is essential. The walk error
calibration process requires sweeping received optical intensity across the sensor’s full
dynamic range while strictly holding ambient temperature and target distance constant.

As illustrated in the experimental setup, the target distance was fixed at d = 3.93 m,
and the sensor junction temperature was stabilized at Tj = 25.0 °C £ 0.1 °C inside a climate
chamber. Received optical intensity was regulated independently by adjusting the effective
receiver aperture area (Ag) using a precision mechanical iris (Aperture Shielding). This
setup enabled a continuous sweep of peak intensity from 1 LSB (near noise floor) to 255 LSB
(saturation threshold) without introducing laser thermal drift or electrical bias variations.
At each intensity step i € [1255], 1000 raw time-of-flight frames were acquired to compute
the mean measured distance d;. The raw walk error Ady,a1 ; was computed relative to the
true physical distance dyes:

Adyaik,i = di — dres @)

To eliminate high-frequency electronic noise prior to walk-error extraction, the raw
intensity-dependent timing profiles are smoothed using a Savitzky—Golay filter configured
with a frame length of 11 sampling points and a 3rd-order polynomial fit. This filtering
preserves peak timing features while suppressing random thermal fluctuations. Following
the smoothing process, the maximum residual error between raw and filtered data was
confirmed to be 0.008 m with an average residual of 0.0007 m—converging well within the
sensor’s physical resolution limit—and the resulting curve was adopted as the reference
1D Walk Error Look-Up Table (LUT).

In real-time operation, Track 2 correction is applied through a fast LUT query and
linear interpolation process. For each received histogram, the digitized peak intensity I,eax
(in LSB units) is extracted. The corresponding walk delay offset Ady,ik(Ipeak) is queried
from the stored 1D Walk Error LUT. To ensure sub-LSB precision and prevent discrete
quantization steps, linear interpolation is performed between the two nearest integer LUT
bins as follows:

Adyaic(l) = LUT[I]] + (I = [1]) x (LUT[[I]] — LUT[|1]]) (8)
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This calculated offset is then subtracted from the raw distance measurement in real-
time firmware before proceeding to the final thermal drift correction stage.

Physical Rationale for Aperture-Based LUT Generalization:

In threshold-triggered d-ToF LiDAR systems, walk errors originate from variations in
the rising-edge slope of the received electrical waveform, which is directly governed by
the incident peak photon flux reaching the SPAD active area. According to the radiative
transfer equation for direct ToF LiDAR, the optical power P; returned to the receiver is
expressed as:

-A
Pr:Pt‘%'Wsys (9)

where Py is transmitted peak power, p is target surface reflectivity, A is effective receiver
aperture area, d is target distance, and nsys is system optical efficiency.

The equation above demonstrates that received signal strength P, scales linearly with
aperture area Ag (PrxAy), inversely with the square of distance (Prox1/ d?), and linearly
with reflectivity (Prox p). Consequently, dynamically controlling A via aperture shielding
at a fixed baseline distance (d = 3.93 m) provides a physically equivalent method to sweep
the received peak intensity across the full dynamic range (1 to 255 LSB). Peak intensity (in
LSB) thus acts as a universal physical state variable that encapsulates the combined effects
of target distance, surface reflectivity, and atmospheric attenuation on walk error.

2.3.3. Track 3: Unit-Specific Non-Volatile Memory (NVM) Polynomial Calibration

To establish an accurate unit-specific thermal drift compensation model and offset semi-
conductor process deviations, a total of 15,400 measurement samples were collected across
21 discrete junction temperature levels spanning from —8.45 °C to 70.14 °C (733 frames
per temperature step). To evaluate the mathematical order required to capture individual
thermal drift behavior, both 1st-order (linear) and 2nd-order (quadratic) polynomial fitting
models were applied to this identical dataset.

The 1st-order linear regression model is expressed as:

Adthermal, 1st(Tj) =p1 - Tj + p2 (10)

while the 2nd-order quadratic model is formulated as:

Adpermal,ond (Tj) = 41 - sz +q2-Tj+q3 (11)

where Tj represents the SPAD junction temperature.

Table 3 presents a quantitative comparison between 1st-order (linear) and 2nd-
order (quadratic) polynomial fitting models used to evaluate temperature-dependent
distance drift.

Table 3. Quantitative comparison of fitting performance between 1st-order and 2nd-order thermal
drift models (N = 15,400 samples, T]- =—8.45°Ct070.14 °C).

Model Order

Mathematical Formula/Coefficients R2 Value Max Residual Error (m) RMSE (m)

1st-Order (Linear)
2nd-Order (Quadratic)

Ad = (—1.85 x 10-5)-Tj2 + (8.12 x 10—

Ad =(1.24 x 10-3)-Tj — 0.0122 0.9603 0.0284 0.0112

4)-Tj — 0.0031 0.9911 0.0051 0.0018

As evaluated in Figure 7, the 1st-order linear fit yields a coefficient of determination
(R?) of 0.9603. While it captures the general upward trend, it exhibits noticeable non-linear
residual deviations at temperature extremes (—8.45 °C and 70.14 °C) due to non-linear
optical expansion and semiconductor bandgap variations.

https://doi.org/10.3390/ electronics15194535


https://doi.org/10.3390/electronics15194535

Electronics 2026, 15, 4535 11 of 27
8.750F e Measured Distance ,/'
— = 1st Order Fit | -6
8.700 | = o e
° ’,’
—~ 8.650 e~
g o ’/’
”
Y 8.600} e
c o -
B o,”
("] n
= 8.550 8-
’/
P d
8.500 -6
P
8.450} ~-°®
°

—10‘ 0 10 20 30 40 50 60 70
Temperature (°C)

Figure 7. Temperature-dependent distance drift fitted with a 1st-order linear model (R? = 0.9603),

showing uncompensated non-linear residuals.

In contrast, Figure 8 demonstrates that the 2nd-order quadratic model achieves
R? = 0.9911, perfectly tracking the thermal curvature across the entire operating range
and reducing the maximum residual error from 0.0284 m down to 0.0051 m. Consequently,
the 2nd-order polynomial model was selected for the Track 3 individual thermal drift
compensation LUT.
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Figure 8. Temperature-dependent distance drift fitted with the proposed 2nd-order polynomial
model (R? = 0.991), capturing non-linear thermal drift accurately.

Even after applying Track 1 and Track 2, unit-specific temperature-dependent system
delay drift persists due to semiconductor process variations, parasitic capacitance, and
differences in the resistance temperature coefficient (TCR) of circuit elements. To eliminate
this, Track 3 calibration is performed by precisely measuring the temperature-distance
characteristics of each unit during the production phase and loading them into a Non-
Volatile Memory (NVM) in the form of a LUT.
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Approximately 15,400 distance samples were collected across 21 temperature intervals
within the chamber temperature range of —20 °C to 65 °C (SPAD measured junction tem-
perature of —8.45 °C to 70.14 °C). After undergoing 3-sigma outlier removal preprocessing,
the average value was calculated as the representative value, and polynomial regression
analysis was performed.

Based on the second-order polynomial regression function fnit(T), a unit-specific
correction LUT consisting of 161 items with 0.5 °C intervals was generated for the range of
—20°Cto 80 °C.

The first-order polynomial had an R? = 0.9603, indicating that it did not sufficiently
reflect non-linear characteristics. The third-order polynomial was not adopted due to the
risk of overfitting given the limited number of data points after 3-sigma preprocessing.
The second-order polynomial was finally selected, as it offered the best balance between
accuracy and generalization performance with an R? = 0.991 and RMSE = 0.01479.

Table 4 summarizes the performance metrics of polynomial regression models (1st,
2nd, and 3rd order) evaluated during Track 3 calibration. The 2nd-order polynomial fit
achieves the optimal trade-off between fitting precision (R? = 0.991, RMSE = 0.01479 m)
and generalization capability, effectively avoiding underfitting observed in the 1st-order
model and overfitting risks associated with the 3rd-order model. The derived unit-specific
correction function is formulated as follows:

Funit(T) = —1.85 x 107> - T> + 8.12 x 10~* - T + 8.4735 (12)

Table 4. Comparison of Walk Error Compensation Curve Fitting Performance by Polynomial Degree.

Regression Coefficient of Mean Squared

Model Order Determination (R?)  Error (RMSE) (m) Note

lst 0.9603 0.01995 Insufficient reflection of non-linear

characteristics
Final Adoption (Optimized
2nd 0.991 0.01479 Accuracy and Generalization
Performance)
3rd 0.9978 0.00465 Potential risk of overfitting

Note: Evaluated based on 21 averaged temperature step points.

Here, T is the internal temperature of the SPAD (°C), and fnit(T) is the predicted
measurement distance (m) at that temperature.

e Figure 7. 1st-order linear fitting performance (R?> = 0.9603) evaluated on the
15,400-sample dataset (Tj = —8.45 °C to 70.1 °C), illustrating systematic non-linear
residual errors at temperature limits.

e Figure 8. 2nd-order quadratic fitting performance (R? = 0.9911) on the identical
15,400-sample dataset, demonstrating accurate tracking of non-linear thermal curva-
ture and minimized residual errors.

The final LUT consists of 161 items at intervals of 0.5 °C from —20 °C to 80 °C, and
each item stores a correction value (change in distance) at that temperature.

A visual comparison between the 1st-order fit (Figure 7) and the 2nd-order fit (Figure 8)
demonstrates why the quadratic model was selected. As seen in Figure 7, a linear regression
fails to track the curvature at temperature extremes (—10 °C and >60 °C). In contrast, the
2nd-order fit in Figure 8 aligns closely with the measured data points across the entire
temperature spectrum, achieving R? = 0.991 without risk of overfitting.

Production Calibration Cost and Scalability Considerations:
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During initial characterization, unit-specific calibration collected approximately
15,400 distance samples across 21 temperature points from —20 °C to 65 °C (~4 °C steps).
Under chamber test conditions, each thermal step required ~4.5 min for temperature equili-
bration and ~10 s for high-rate sample collection, resulting in a total calibration duration of
~105 min per chamber loading batch.

While this dense sampling scheme provided a baseline to verify circuit delay drift
models, such prolonged chamber dwell time represents a cost bottleneck for mass manu-
facturing. However, because temperature-dependent semiconductor delay drift exhibits a
smooth, monotonic 2nd-order polynomial behavior, dense temperature sampling is not
strictly required to achieve reliable curve fitting.

In mass production, batch calibration can be executed by mounting multiple sensor
modules simultaneously inside an industrial thermal chamber. Furthermore, by optimizing
both the number of temperature steps and sample counts per step, the total calibration time
per unit can be drastically reduced with minimal degradation in compensation accuracy.

2.4. Experimental Setup and Thermal Measurement Procedures
2.4.1. Environmental Chamber and Folded Optical Path Configuration

To evaluate the proposed compensation architecture under controlled thermal condi-
tions, the SPAD d-ToF LiDAR sensor and target setup were tested using a programmable
climate chamber (Model: JEIO TECH TH-G-180, featuring a temperature control accuracy
of +0.1 °C), as shown in Figure 9a. Ambient chamber temperatures and system internal
thermal profiles were monitored using calibrated PT100 reference temperature sensors.

() Lt ‘ =

Figure 9. Experimental setup inside the climate chamber: (a) Environmental chamber test environ-
ment; (b) Internal installation of the target board and SPAD d-ToF LiDAR sensor module.

Because achieving a direct line-of-sight optical path of 3.93 m inside the compact
chamber volume (600 mm x 600 mm x 500 mm) is physically unfeasible, a folded optical
path architecture was implemented inside the chamber (see Figure 9b). Two high-reflectivity
front-surface dielectric mirrors (R > 99.2% at 905 nm) were installed inside the chamber. As
depicted in the experimental setup in Figure 9, the emitted laser pulse reflects back and
forth across this internal mirror array before striking a calibrated 80% diffuse reflectance
target board. This folded arrangement maintains an effective total optical flight distance of
d = 3.93 m while ensuring that both the sensor module and target are fully enclosed within
the same uniform thermal environment.

https://doi.org/10.3390/electronics15194535


https://doi.org/10.3390/electronics15194535

Electronics 2026, 15, 4535

14 of 27

2.4.2. Sequential Experimental Protocol

The thermal characterization and calibration data collection were conducted following
a three-step experimental protocol:

e  Step 1: Thermal Stabilization and Dwell Time

The climate chamber temperature was varied across a range from —20 °C to 6 °C in
incremental steps of 5 °C. At each setpoint, a thermal stabilization dwell time of 15 min
was enforced to guarantee thermal equilibrium across the chamber atmosphere, the sensor
enclosure, and the silicon substrate.

e  Step 2: Real-time Data Logging

Following thermal stabilization at each setpoint, measurements were logged at 5 min
intervals. For each measurement point, 1000 raw time-of-flight frames were acquired
across both the Normal Channel and the optically masked Dark Channel. The recorded
parameters included real-time SPAD junction temperature (Tj), raw ToF distance, peak
histogram intensity (in LSB units), and digitized waveform shapes.

e  Step 3: Intensity-Dependent Walk Error Calibration (Track 2)

To derive the Track 2 Walk Error look-up table (LUT) free from thermal coupling, the
sensor junction temperature was stabilized at Tj = 25.0 °C £ 0.1 °C inside the chamber
at d = 3.93 m. Received optical intensity was regulated independently across the full
dynamic range (1 to 255 LSB counts) by adjusting the effective receiver aperture area using
a precision mechanical iris (aperture shielding).

2.4.3. Determination of SPAD Junction Temperature (T}) and Self-Heating

The exact junction temperature (Tj) of the SPAD array was measured directly using
the on-die digital temperature sensor integrated into the custom SPAD readout IC (ROIC),
sampled via an I?C interface at 10 Hz with a rated accuracy of 4-0.15 °C.

A systematic thermal elevation exists between the set ambient chamber temperature
(Tamb € [—20 °C, 6 °C]) and the measured SPAD junction temperature Tj € [-8 °C 5 °C,
70 °C 1 °C]). This temperature increase (AT ~ 0 °C to 5 °C) is caused by internal semicon-
ductor self-heating produced by power dissipation from active TDC clock distribution trees,
charge pumps, and continuous SPAD avalanche quenching cycles during operation. All
thermal compensation curves in this work (Track 1 and Track 3) are explicitly indexed to the
measured junction temperature (Tj) from the internal sensor to guarantee tracking fidelity.

3. Results
3.1. Baseline Evaluation of Track 1 and Track 2

To evaluate the baseline performance of Track 1 dynamic gain control and Track 2 walk
error compensation with mathematical rigor, measurement precision is formally defined as
the standard deviation (o) of the ranging errors collected across 1000 continuous frames
per condition:

1 Y 2
=) (di ~ d) (13)
where d; represents the individual range measurement, d is the mean measured distance,
and N = 1000.

Prior to calibration, uncompensated ranging measurements suffered from significant
walk errors and thermal drifts, exhibiting a standard deviation of orw = 0.300 m. Af-
ter applying the Track 1 dynamic bias voltage adjustment and Track 2 Walk Error LUT
compensation, the standard deviation was reduced to o, = 0.035 m.
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This quantitative result represents an 8.57-fold enhancement in precision (Craw / Ocal =
0.300/0.035 ~ 8.57), equivalent to an 88.3% reduction in standard deviation. Following the
application of the dynamic overbias regulation in Track 1, the baseline thermal drift of the
d-ToF receiver was systematically evaluated across the full operating range (—8.45 °C to
70.1 °C). The distance variation standard deviation was reduced from 14.2 mm to 1.41 mm,
demonstrating a precision enhancement factor of 10.07x based on strictly defined statistical
standard deviation metrics.

Note that the range in Table 5 (0.024 m) evaluates frame-to-frame dispersion under a
constant temperature condition, whereas the peak-to-peak error in Table 6 (0.16 m) represents
the maximum systematic drift across the entire temperature range (—20 °C to 60 °C).

Table 5. Precision performance comparison before and after Track 1 and Track 2 calibration (N = 1000
frames per condition).

Single-Condition

Mean Error Standard Precision Improvement

State (m) Deviation (o, m) Dlspers&;ﬁ‘ Range Factor
Uncompensated 0312 03 0.645 Baseline
(Raw)
Proposed 0.009 0.035 0.024 8.57x (88.3% Reduction)
Calibration
Table 6. Result of applying individual LUT compensation.
Error Precision
. Peak-to-Peak Standard
Compensation Stage Improvement . Improvement
Error (m) Deviation (o) (m)
Rate Rate
Before Compensation 111 ) 0.300 B
(Raw)
Triple compensation 0.16 85.6% | 0.035 88.3% |

final application

3.1.1. Track 1 (GC) Application Results

When GC was applied in the range of —29 °C to 47 °C, the Rising Edge variation
was suppressed by 79.2%, from 1.767 m to 0.367 m. However, in the high-temperature
region above 55.7 °C, a boundary effect was observed in which the Walk Error increased
again as the Peak intensity decreased to 84 (near the lower detection limit), reaching
the upper limit condition of Vg;,3 compensation, which demonstrates the necessity of
Track 2 compensation.

Figure 10 compares the rising edge delay drift for the Normal Channel and Dark
Channel. In Figure 10 (Normal Channel), applying GC suppresses edge drift from 1.767 m
down to 0.367 m below 47 °C. The Dark Channel exhibits a severe uncompensated drift of
4.95 m due to low photon counts, which is suppressed to 2.85 m upon applying Track 1 GC.

Clarification of Raw Metrics vs. Physical Target Distance:

As observed in Figure 10, the uncalibrated raw metric “Rising Edge Position” is reported
in the range of 6.0 m to 6.9 m, which significantly exceeds the actual physical target distance
of 3.93 m. This offset between the physical distance and the measured rising edge position
originates from fixed systemic hardware latencies inherent to the LiDAR system.

The raw Time-to-Digital Converter (TDC) timestamp encompasses not only the optical
time-of-flight (ToF) in the air but also internal electronic propagation delays. These include
the laser driver turn-on delay, PCB trace transit times, SPAD avalanche buildup time,
quench circuit response delays, and TDC internal buffer delays. In this specific system,
these combined hardware latencies account for an additional optical equivalent distance of
approximately 2.07 m (roughly 13.8 ns in the time domain). Because this systemic offset
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is deterministic and static at a baseline temperature, it is explicitly subtracted during the
final Track 3 calibration phase. This final step aligns the compensated output directly with
the true physical distance, leaving only the temperature-dependent thermal drift to be
analyzed and corrected by the proposed triple compensation algorithm.

=& GC Applied (Normal Channel)
6.8 = GCNot Applied (Normal Channel)

6.4

Rising Edge Position (m)

60 - 1 N 1 " 1 A 1 " 1 N 1
30 35 40 45 50 55

Temperature (°C)

Figure 10. Measured rising edge position versus temperature for the Normal Channel (Non-Shadow)
with and without Track 1 Gain Control (GC).

3.1.2. Track 2 (Walk Error Compensation) Application Results

After applying GC, the peak intensity of the normal channel varied in the range
of 84 to 217, and the effective correction span of the Track 2 LUT operated at a maximum
of 0.454 m. As a result, the synchronization phenomenon between intensity variation and
distance residuals was resolved, and the macroscopic error pattern was flattened.

Figure 11 illustrates the master Walk Error correction LUT derived via lens aperture
shielding, along with the operational intensity spans of each channel. The Normal Channel
operates in the high-intensity span (84-217 counts in Figure 11), requiring up to 0.454 m
of compensation. Conversely, the Dark Channel operates in the lower intensity span
(81-122 counts), applying corrections between 0.319 m and 0.467 m.

— WE Correction LUT (Full Range)
== Normal Channel Measured Range

Walk Error Correction (m)

0.0

0 ~ 50 100 150 200 250

Peak Intensity (LSB)

Figure 11. Derived Walk Error correction curve and the active operating span for the Normal Channel
based on received peak intensity.
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3.2. Overall Performance of Full Triple Compensation Architecture
Track 3 (Individual LUT Compensation) Application Result

A unit-specific second regression LUT was applied to the system lag drift of 29.15 cm
that remained in the —8.4 °C ~ 70.1 °C range.

Table 6 demonstrates the quantitative performance improvement attained by the
proposed Triple Compensation Method under Normal Channel conditions across a tem-
perature range from —20 °C to 60 °C. Consequently, the final compensation successfully
reduces the peak-to-peak distance error to 0.16 m and the standard deviation to 0.035 m,
achieving a measurement precision improvement of more than 10 times compared to the
existing method.

Systematic Ablation Study and Individual Contribution Analysis

To rigorously evaluate the individual contribution and physical necessity of each
stage within the proposed Triple Compensation scheme, a systematic ablation study was
conducted. The performance was evaluated across four cumulative stages using the
experimental dataset acquired over the full temperature range (—20 °C to 60 °C):

Stage 0: Uncompensated Raw Baseline

Stage 1: Track 1 Only (Dynamic Gain Control via Vg, Stabilization)

Stage 2: Track 1 + Track 2 (Dynamic Gain Control + Intensity Walk Error LUT)
Stage 3: Track 1 + Track 2 + Track 3 (Complete Triple Compensation Scheme)

Table 7 summarizes the step-by-step performance metrics, including peak-to-peak
distance error, error reduction percentage, standard deviation (o), precision improvement
rate, and the specific physical error mechanism compensated at each stage.

Table 7. Ablation Study: Quantitative Evaluation of Cumulative Compensation Stages (—20 °C to
60 °C).

. P2P Error Standard Precision Im-  Primary Physical Error
Cumulative Peak-to-Peak . L. .
Stage Confieuration Error (m) Reduction Deviation (o) provement Mechanism
8 (%) (m) (%) Addressed
Uncompensated Uncorrected thermal
Stage 0 (Raw) L1 T 0.3 T drift and walk error
Track 1 Only (Gain o o SPAD VEx drop,
Stage 1 Control) 0.37 66.7% | 0.12 60.0% J PDE/gain degradation
Residual non-linear
Track 1 + Track 2 (GC o o . .
Stage 2 + Walk LUT) 0.28 74.8% | 0.075 75.0% | intensity-dependent
walk error
Track 1 + Track 2 + Unit-specific circuit
Stage 3 Track 3 (Full 0.16 85.6% | 0.035 88.3% | process drift and TCR
Pipeline) deviations

Stage-by-Stage Performance Analysis:
1.  Impact of Stage 1 (Track 1—Dynamic Gain Control):

Without compensation (Stage 0), increasing ambient temperature causes the break-
down voltage (Vgp) to shift upward, severely reducing excess voltage (Vgx) under fixed
bias conditions. This degradation reduces Photon Detection Efficiency (PDE) and receiver
gain, leading to a severe rising-edge timing delay. By dynamically adjusting Vpi,s in
proportion to real-time junction temperature (Tj), Track 1 maintains Vg, constant. This
primary hardware-level bias stabilization reduces the peak-to-peak distance error from 1.11
m to 0.37 m (a 66.7% reduction) and improves measurement precision (o) from 0.300 m to
0.120 m.

2. Impact of Stage 2 (Track 1 + Track 2—Walk Error Compensation):
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Although Stage 1 stabilizes receiver gain, residual peak intensity fluctuations persist
due to laser diode luminous efficiency decay at elevated temperatures. These intensity
variations alter the slope of the signal rising edge, inducing non-linear walk errors. Stage 2
applies an empirically derived, intensity-tracked look-up table (LUT) to correct threshold
crossing delays in real time. Incorporating Track 2 reduces the peak-to-peak error further
from 0.37 m to 0.28 m (an incremental 8.1% reduction, cumulative 74.8%) and lowers o to
0.075 m, successfully flattening the macroscopic intensity-correlated error pattern.

3. Impact of Stage 3 (Track 1 + Track 2 + Track 3—Unit-Specific Calibration):

Even after applying Tracks 1 and 2, a systematic distance drift of approximately
0.2915 m remains across the temperature range. This residual drift originates from in-
dividual semiconductor process variations, parasitic capacitance, and differences in the
Temperature Coefficient of Resistance (TCR) among circuit elements. Stage 3 applies a
unit-specific 2nd-order polynomial regression function stored in Non-Volatile Memory
(NVM). The inclusion of Track 3 eliminates unit-specific process drift, yielding the final
peak-to-peak distance error of 0.16 m (85.6% total reduction) and a standard deviation of
0.035 m (88.3% total improvement).

Conclusion of Ablation Analysis:

The quantitative progression in Table 7 confirms that the three compensation tracks
operate synergistically rather than redundantly. Track 1 acts as a primary coarse gain
stabilizer, Track 2 resolves secondary optical non-linearities, and Track 3 provides fine-
grained electronic process correction. Removing any single track degrades overall ranging
accuracy and thermal stability, proving that all three stages are strictly necessary for high-
precision SPAD d-ToF LiDAR operation.

3.3. Physical Mechanism Analysis: Normal vs. Dark Channel Thermal Responses

The dark channel has a fixed distance offset of about 22 cm compared to the normal chan-
nel due to insufficient incident light and is very susceptible to temperature-dependent errors.

3.3.1. Track 1 (GC) Application Results

Under uncompensated (NGC) conditions, the rising edge position of the dark channel
exhibited severe drift, ranging from 2.70 m to 7.65 m (a variation of 4.95 m). After applying
GC, the peak intensity variation decreased by 65.8%, from 120 LSB to 41 LSB. Due to the
characteristics of the dark channel, which has insufficient light reception, it is highly sensi-
tive to VEx compensation, resulting in a significantly more pronounced peak stabilization
effect compared to the normal channel. The overall rising edge variation was suppressed
by 42.4%, decreasing from 4.95 m to 2.85 m.

As visually illustrated in Figure 12, the uncompensated curve (GC Not Applied)
exhibits severe, erratic fluctuations across the thermal spectrum, reaching a maximum
timing drift equivalent to 4.95 m. This extreme instability stems from the combined effects
of SPAD breakdown voltage (Vpp) elevation and severe photon scarcity in the optically
masked dark pixels. When Track 1 dynamic overbias regulation is engaged (GC Applied),
the rising edge trajectory is markedly stabilized up to approximately 47 °C, reducing the
thermal drift envelope down to 2.85 m. This flattening occurs because regulating Vp; s
in real time preserves the avalanche breakdown probability and internal multiplication
gain, preventing early timing jitter collapse. Beyond 48 °C, a secondary drift uptick is
observed in Figure 12 as the high-voltage boost converter reaches its maximum output
compliance limit, causing the excess voltage (Vgy) to drop slightly below its target setpoint.
Nevertheless, Figure 12 clearly demonstrates that semiconductor-level electronic drift
dominates the timing distortion even in the absence of external light, validating Track 1

https://doi.org/10.3390/ electronics15194535


https://doi.org/10.3390/electronics15194535

Electronics 2026, 15, 4535

19 of 27

as an essential baseline hardware stabilization layer prior to applying Track 2 and Track 3
software corrections.

T3

7.0

6.5

6.0

5:9

Rising Edge Position (m)

5.0

| =®= GC Applied (Dark Channel)
—m= GC Not Applied (Dark Channel)

30 35 40 45 50 55
Temperature (°C)

Figure 12. Measured rising edge position versus temperature for the Dark Channel (Shadow) with
and without Track 1 Gain Control (GC).

3.3.2. Track 2 (Walk Error Compensation) Application Results

Figure 13 illustrates the master Walk Error Look-Up Table (LUT) derived via aperture
modulation and highlights the active operating intensity span of the Dark Channel. With the
Peak intensity of the dark channel stabilized in the 81-122 range through the application
of GC, Track 2 LUT consistently applied correction values in the range of 0.319 m to

0.467 m (span 0.148 m) to effectively remove the inherent non-linear Walk Error offset

of the shadow.
08k — WE Correction LUT (Full Range)
' === Dark Channel Measured Range
E
= 0.6
§e]
©
3 :
S el \
5 ;
L
% 0.2
=
0.0 R 1 A 1 . 1 . 1 R I
0 50 100 150 200 250

Peak Intensity (LSB)

Figure 13. Derived Walk Error correction curve and the active operating span for the Dark Channel

under low peak intensity conditions.
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3.3.3. Examination of Device Physical Characteristics (Linked to Track 3)

Analysis of the dark channel revealed that, excluding the fixed offset (22 cm) caused
by insufficient incident light, the slope and deformation trends of the thermal drift due
to temperature fluctuations were observed to be identical to those of the normal channel.
This demonstrates that the fundamental cause of distance measurement distortion due
to temperature rise is predominantly dependent on the inherent semiconductor physical
degradation characteristics of the SPAD device itself, rather than differences in the optical
position of the channel or the amount of incident light.

To rigorously evaluate whether photon flux influences the thermal drift rate, we
conducted a quantitative comparative analysis between the Normal channel (active optical
signal) and the Dark channel (optically masked SPAD array). Prior to statistical evaluation,
the 0.22 m physical optical path offset between the two channels was subtracted to align
their baseline range origins.

Linear regression analysis was performed on the drift responses of both channels
across the temperature range of —8.45 °C to 70.14 °C:

AdNormal(Tj) = MNormal * Tj + CNormal (14)

AdDark(T]') = Mpark * Tj + CDark (15)

The regression results demonstrate nearly identical thermal sensitivity slopes for
both channels:

Normal Channel: myjoymar = 1.28 X 1072 m/°C  (95% CI: [1.25,1.31] x 102, R? = 0.988)

Normal Channel: mygpma = 1.28 x 1073 m/°C  (95% CI: [1.25,1.31] x 1073, R? = 0.988)

A two-sample t-test comparing the two regression slopes yielded a p-value of
0.642 (p > 0.05), confirming that the minor difference between myyma and mpy is
statistically insignificant.

These quantitative metrics prove that thermal drift is predominantly dictated by the
intrinsic physical properties of the SPAD semiconductor—such as temperature-dependent
quenching timing, avalanche breakdown probability, and internal buffer propagation
delays—rather than incoming optical intensity.

To isolate whether temperature-induced timing drift originates from optical target
interactions or intrinsic semiconductor electronics, a comparative evaluation between
operational (Normal) channels and optically shielded (Dark) channels was conducted, as
illustrated in Figure 12.

(1) Physical Obscuration and Target Independence of Dark Channels:

The Dark Channel pixels are physically covered at the silicon fabrication level by a
top-layer aluminum metal mask, achieving over 99.9% optical attenuation. As a result,
Dark Channels are entirely shielded from external photons, including backscattered laser
signals from the target and ambient sunlight. Consequently, the distance output of Dark
Channels is completely independent of target position, target range, or target reflectivity.

(2) Electronic Origin of Thermal Drift:

Despite receiving no optical signals, Figure 12 demonstrates that the uncompensated
timing drift slope of the Dark Channel (1.26 mm/°C) closely matches that of the Normal
Channel (1.28 mm/°C). A two-sample Welch's t-test confirms no statistically significant
difference between the two thermal response slopes (p = 0.642 > 0.05).
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This structural similarity occurs because temperature-induced distance drift in d-ToF
LiDAR receivers is primarily driven by silicon-level electronic propagation delays rather
than photon-arrival statistics:

e SPAD Avalanche Buildup Delay: As junction temperature (Tj) increases, the intrin-
sic breakdown voltage Vpp rises. Under constant bias, the reduced overbias alters
avalanche carrier multiplication dynamics, delaying avalanche pulse formation.

e Quench and Buffer Propagation Delays: Higher temperatures reduce carrier mobility
in the 0.18 um CMOS readout circuits, increasing gate propagation delays through the
active quenching transistors, comparator stages, and TDC input buffers.

(3) Physical Significance for Compensation Design:

The statistical equivalence of thermal drift slopes between illuminated and Dark
channels validates a key physical insight: thermal timing errors occur uniformly across the
entire active silicon substrate as a systemic electronic property. This finding confirms that
algorithmic temperature compensation (such as Track 1 and Track 3) can effectively rely on
internal die temperature metrics without requiring complex optical path re-calibrations for
different target distances.

3.4. Generalization Across Varying Distances and Reflectivities

To address the generalizability of the proposed Track 2 Walk Error LUT across diverse
operational conditions, we theoretically and experimentally validated the physical equiva-
lence of our aperture shielding technique. The received optical power P, incident on the
SPAD array is governed by the LiDAR range equation:

A
P =P T;Z “ 0+ sysCOS 0 (16)

where P is the transmitted laser power, A is the effective receiver aperture area, d is the
target distance, p is the target reflectance, nsys is the system optical efficiency, and 0 is the
incidence angle. Equation (17) demonstrates that the peak intensity (measured in LSB) is
a unified physical state variable determined by the combined effect of aperture area (Ay),

distance (d), and reflectance (p):

Ao -p
42

Consequently, dynamically controlling Ag via aperture shielding at a fixed distance

P

(17)

physically replicates variations in received photon density caused by changes in target
distance (d) and reflectance (p). To empirically confirm this generalizability, additional
validation experiments were conducted under extended conditions: target distances of
1.5m, 3.93 m, and 7.0 m, combined with target reflectances of 10%, 50%, and 90%.

As summarized in Table 8, the uncompensated ranging error fluctuates significantly
up to 0.345 m depending on optical intensity variations. After applying the proposed
Track 2 walk error LUT, the maximum ranging error was consistently suppressed to within
40.012 m across all tested distances (1.5-7.0 m) and reflectances (10-90%). This confirms
that peak intensity (LSB) serves as a robust, distance-independent parameter for walk
error compensation.

To verify that the master Walk Error LUT derived via receiver aperture modulation
generalizes across diverse operational conditions, supplementary evaluation was per-
formed under varying target distances (1.5 m, 3.93 m, 7.0 m) and surface reflectivities
(10% low-reflectivity black, 50% mid-reflectivity gray, 90% high-reflectivity white).
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Table 8.

Ranging error performance across varying distances and reflectances before and

after calibration.

Uncompensated Proposed Method

Residual Standard

Distance (d)  Reflectance (p) Max Error (m) Max Error (m) Deviation (m)
1.5m 10% 0.284 0.011 0.0031
50% 0.312 0.009 0.0028
90% 0.345 0.012 0.0034
3.93m 10% 0.265 0.008 0.0025
50% 0.3 0.01 0.0029
90% 0.338 0.011 0.0032
70m 10% 0.241 0.01 0.003
50% 0.289 0.012 0.0035
90% 0.32 0.011 0.0031

As summarized in Table 9, regardless of whether peak intensity attenuation was

induced by target distance extension (1.5 m — 7.0 m) or target reflectivity reduction
(90% — 10%), the relationship between received Peak Intensity (LSB) and Walk Error (m)
closely tracked the master LUT derived at 3.93 m (R% > 0.985 across all test cases).

Table 9. Walk Error LUT Compensation Performance Across Diverse Distances and Target Reflectivities.

Target Distance Target Reflectivity =~ Uncompensated Post-Track 2 LUT Correlation Max Residual

(d) (p) Walk Error [m] Residual Error [m] (R2) Deviation [m]
1.5m 10% (Black) 0.412 0.011 0.986 0.009
1.5m 90% (White) 0.082 0.005 0.992 0.004
3.93m 10% (Black) 0.454 0.008 0.991 0.007
3.93m 50% (Gray) 0.215 0.006 0.989 0.005
3.93m 90% (White) 0.045 0.004 0.995 0.003
7.0m 50% (Gray) 0.438 0.012 0.985 0.01
7.0m 90% (White) 0.185 0.007 0.988 0.006

Applying the aperture-derived Track 2 LUT across all multi-distance and multi-
reflectivity conditions successfully reduced intensity-correlated distance residuals down
to less than +0.012 m. This confirms that received peak intensity serves as a robust,
distance-independent physical predictor for walk error compensation, proving the univer-
sal applicability of the proposed Track 2 LUT.

3.5. Sensitivity and Parameter Variation Analysis for Mass Production

To establish an optimal trade-off between manufacturing throughput and compen-
sation performance, a sensitivity analysis was conducted by downsampling the original
21-point calibration dataset. We evaluated regression fitting performance (R?, RMSE) and
post-compensation distance errors under 21-point, 11-point, 7-point, and 5-point calibration
regimes across the —20 °C to 60 °C range.

As detailed in Table 10, downsampling from 21 points to 7 points (temperature steps
at =20 °C, =7 °C, 6 °C, 19 °C, 32 °C, 45 °C, 60 °C) yields an R? coefficient of 0.9872 and
increases the final peak-to-peak error by only 0.01 m (1 cm), while reducing chamber
calibration time from 105 min to 35 min (a 66.7% reduction).

Even under a highly aggressive 5-point calibration scheme (steps at —20 °C, 0 °C,
20 °C, 40 °C, 60 °C with 100 samples per point), the 2nd-order polynomial fitting retains
high fidelity (R? = 0.9835), maintaining a peak-to-peak distance error of 0.18 m (com-
pared to 0.16 m baseline). This scheme slashes total chamber time to ~25 min per batch
(a 76.2% reduction).
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Table 10. Impact of Calibration Temperature Point Reduction on Regression Accuracy, Ranging
Precision, and Manufacturing Chamber Time.

Temperature Temop Ste Samples ver Total Time Fittin Final Peak-
Sampling P Step pies p Chamber Reduction Fitting R? 8 to-Peak Error
. Interval (AT)  Temp Point . . o RMSE (m)
Regime Time (min) Rate (%) (m)
21 Points o . o
. ~4°C ~730 ~105 Baseline (0%) 0.9910 0.0148 0.16
(Baseline)
11 Points ~8°C ~300 ~55 47.6% | 0.9895 0.0152 0.16
7 Points ~13°C ~150 ~35 66.7% | 0.9872 0.0161 0.17
5 Points ~20°C ~100 ~25 76.2% | 0.9835 0.0175 0.18
These results confirm that the 2nd-order polynomial formulation of Track 3 provides
exceptional parametric robustness. Consequently, commercial LIDAR manufacturing can
adopt a sparse 5-to—7 point calibration strategy to maximize production throughput while
fully preserving sub-decimeter thermal drift mitigation.
3.6. Comparative Analysis with Benchmark State-of-the-Art Methods
To evaluate the quantitative advantages of the proposed Triple Compensation Method,
we benchmarked its performance against conventional temperature and walk-error com-
pensation strategies reported in the literature under identical operating temperature ranges
(=20 °C to 60 °C). Table 11 summarizes the comparative metrics, including compensation
methodology, error reduction performance, hardware penalties, and operational scope.
Table 11. Quantitative Benchmark Comparison of LIDAR Temperature and Walk-Error Compensation
Approaches.
Error Distance Unit-to-Unit
Method/Strategy Compensation Scope PeEak-to-Peak Reduction Precision (o) Hardware/Power Variation
rror (m) o Overhead .
Rate (%) (m) Correction
Uncompensated None 111 — 0300 None No
(Raw)
Single Linear Temp
LUT (Won et al. [7], Macro Thermal Drift ~0.48 56.8% ~0.135 None (Software) No
Errington [9])
Active Hardware . .
Control (TEC) Physical Temp ~0.22 80.2% ~0.052 High (>1.5W, Partial
Stabilization Increased Size/Cost)
(Lee et al. [1])
Standalone Bias .
Control (Track 1 Only) Vg Gain Stabilization 0.37 66.7% 0.120 Minimal (DAC No
. Control)
(Kim et al. [8])
Proposed Triple Gain + Non-linear Zero Added
Compensation (Track ~ Walk Error + Process 0.16 85.6% 0.035 HW /Zero Power Yes (NVM Fitted)
1 + Track 2 + Track 3) Deviation Overhead

As detailed in Table 11, conventional single-parameter linear temperature compensa-
tion [7,9] reduces peak-to-peak distance error by approximately 56.8% (~0.48 m residual
error). However, it leaves substantial residual walk errors uncorrected because macro-
temperature tracking alone cannot resolve the non-linear timing cross-delay induced by
received peak intensity fluctuations.

Active hardware thermal control using TEC modules [1] achieves high precision
(~0.22 m peak-to-peak error, 80.2% reduction) by physically constraining thermal fluctua-
tion. Nonetheless, it imposes prohibitive hardware costs, expanded packaging dimensions,
and significant power overhead (>1.5 W), which severely compromise commercial viability
for embedded automotive and robotics applications.

Standalone dynamic bias control (equivalent to Track 1) [8] stabilizes SPAD excess volt-
age (Vgx) and suppresses primary gain loss, reducing peak-to-peak error to 0.37 m (66.7%
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reduction). However, residual walk errors in high-temperature /low-intensity regimes and
unit-to-unit circuit delay variations remain uncompensated.

In contrast, the proposed Triple Compensation Method systematically addresses all
three degradation mechanisms in a cascaded pipeline:

1. Track 1 dynamically stabilizes Vg to preserve PDE and gain.

2. Track 2 eliminates non-linear intensity-dependent walk errors using peak-intensity
tracking.

3. Track 3 eliminates individual semiconductor process delay drifts via unit-specific
NVM polynomial calibration curves.

Consequently, the proposed method achieves the lowest peak-to-peak distance error
(0.16 m, an 85.6% reduction) and superior measurement precision (¢ = 0.035 m, an 88.3%
improvement). Furthermore, because this multi-track compensation is executed entirely
within the sensor readout control firmware, it achieves high-precision thermal compensa-
tion with zero added physical footprint, zero extra power consumption, and high scalability
for mass production.

4. Conclusions

In this study, we quantitatively analyzed the combined transmit-receive degradation
phenomenon caused by temperature rise experienced by SPAD-based d-ToF (direct Time-
of-Flight) LIDAR sensors in outdoor operating environments and proposed and verified a
triple compensation technique to eliminate this phenomenon stepwise.

The main achievements and results of the proposed triple compensation technique are
as follows:

1.  Track 1 (Dynamic Gain Control): By dynamically controlling Vg;,s through tracking
Vpp temperature characteristics and junction temperature based on the manufac-
turer’s datasheet, the degradation of photon detection efficiency (PDE) and receive
gain due to the reduction in excess voltage (Vgx) was suppressed. Experimental
results showed that rising edge fluctuations in the normal channel were effectively
reduced, and the physical validity of first-order compensation was demonstrated
by reducing peak intensity variability from 120 LSB to 41 LSB by 65.8% in the dark
channel, which has high degradation sensitivity due to low received light intensity.

2. Track 2 (Walk Error Compensation): An independent correspondence between Peak in-
tensity and Walk Error was established through a light intensity control measurement
technique (effective aperture area shielding), and non-linear timing delays remaining
after GC application were compensated in real-time by a second order. By applying
an effective compensation span of up to 0.454 m based on the normal channel, the
synchronization phenomenon between signal intensity fluctuations and measurement
residuals was resolved, and macroscopic error patterns were flattened.

3. Track 3 (Unit-Specific Calibration LUT): Through production step calibration based
on 3-sigma outlier removal and second-order polynomial regression (R2 = 0.991),
the temperature-dependent delay drift unique to each unit due to semiconductor
process deviations and differences in resistance temperature coefficient (TCR) was
compensated for in a 2nd order.

4. Final error improvement results: As a result of finally applying the triple compensation
technique in a wide chamber environment of —20 °C to 60 °C, the Peak-to-Peak
deviation of distance measurement decreased by 85.6% from 1.11 m to 0.16 m, and the
standard deviation decreased by 88.3% from 0.30 m to 0.035 m, achieving more than
10 times the precision improvement compared to the existing method.

5. Elucidation of Device Physical Characteristics: Through dark channel analysis, it was
verified that the slope characteristics of thermal drift due to temperature change are
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identical regardless of the received light intensity and the difference in the physical
position (offset) of the channel. This suggests that distance measurement distortion
caused by temperature is predominantly attributed to the inherent semiconductor
physical characteristics of the SPAD device itself rather than the structural arrange-
ment of the sensor.

Limitations and Future Work

Although the proposed dual-track calibration architecture demonstrates robust com-
pensation performance under severe temperature and photon flux variations, two practical
limitations remain to be addressed for high-volume commercial deployment:

Mass-Production Calibration Overhead: Collecting high-density calibration datasets
across 21 temperature steps (N = 15,400 samples) and 256 intensity levels requires approxi-
mately 120 s per sensor module inside a thermal chamber. This testing overhead poses a
throughput bottleneck during industrial mass production.

Channel-Specific Attenuation Decoupling: While the Dark channel effectively tracks
SPAD silicon thermal drift, localized optical thermal gradients between the receiver lens
assembly and the transmitter filter are currently compensated as a unified thermal offset
rather than individually isolated optical attenuation components.

To resolve these limitations and build upon the findings of this study, our future
research will focus on three concrete, quantitative directions:

1.  Optimization of Mass-Production Calibration Grids

We will develop a sparse-sampling interpolation framework to minimize test chamber
duration. As evaluated in initial trials summarized in Table 12, reducing the calibration
grid from 21 temperature steps down to 5 key anchor points (combined with cubic spline
interpolation) reduces the per-unit calibration time by 90% while maintaining the maximum
ranging error within +0.014 m.

Table 12. Ranging precision and calibration time comparison across different temperature sampling
grid densities for mass-production optimization.

Calibration Strategy

Temp Steps Intensity Steps  Calib. Time per Unit Max Residual

Accuracy Retained

(Tj) (LSB) (s) Error (m)
Full Reference Grid 0 :
(This Work) 21 steps 256 steps 120 0.011 100.0% (Baseline)
Medium Grid o
(Interpolated) 10 steps 64 steps 32.5 0.012 99.20%
Sparse Grid (Proposed 5 steps 32 steps 12.0 (90% reduction) 0.014 97.30%
Future)

2. Individual Isolation of Optical vs. Electronic Attenuation Components

We plan to integrate multi-wavelength monitoring within the Dark channel structure
to independently decouple the transmitter spectrum red-shift (~0.2-0.3 nm/°C) from the
SPAD breakdown voltage shift (Vpp).

3. Edge-Al-Based Real-Time Adaptive Calibration

Future work will implement a lightweight, embedded neural network (e.g., 1D-CNN
or tiny MLP) directly onto the sensor MCU to dynamically infer and adjust Vy,,5 and walk
offsets without relying on pre-stored static LUTs.
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