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Abstract: Single-photon lidar (SPL) exhibits high sensitivity, making it particularly suitable
for detecting weak echoes over long distances. However, its susceptibility to background
noise necessitates the implementation of advanced filtering techniques and complex al-
gorithms, which can significantly increase system cost and complexity. To address these
challenges, we propose a time-division-multiplexing-based correlated photon lidar sys-
tem that employs a narrowband pulsed laser with stable time delays and variable pulse
intensities, thereby establishing temporal and intensity correlations. This all-fiber solution
not only simplifies the system architecture but also enhances operational efficiency. An
adaptive cross-correlation method incorporating time slicing has been developed to extract
histogram signals, enabling successful 1.5 km distance measurements under intense day-
time noise conditions, using a 1 s accumulation time and a 20 mm receiving aperture. The
experimental results demonstrate a 38% (from 1.11 to 1.52) improvement in the signal-to-
noise ratio (SNR), thereby enhancing the system’s anti-noise capability, facilitating rapid
detection, and reducing overall system costs.

Keywords: photon lidar; time-division multiplexing; ranging

1. Introduction

Single-photon lidar (SPL) refers to a novel type of lidar that combines single-photon
detection with high-precision time measurement technology. SPL exhibits exceptionally
high detection sensitivity, capable of detecting weak energy at the single-photon level. It
is currently widely applied in fields such as active remote sensing, long-distance target
detection, and autonomous driving [1-9]. However, due to the inherent detection mecha-
nism of single-photon detectors, these devices respond to all photons reaching the detector
surface, and are unable to distinguish between signal and noise photons. This makes SPL
highly susceptible to noise interference, leading to degraded performance under high-noise
conditions [10]. In our prior research [11], it was established that intense background light
during the day is the predominant factor influencing radar detection performance. While
precipitation and fog can also impede laser detection, these effects can be partially mitigated.
Additionally, the complexity of the SPL system necessitates the use of high-performance
spectral filtering devices for background light suppression, which are costly and increase
the overall system cost. These factors collectively constrain the broader application of
SPL systems.
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To address these challenges, researchers have explored various approaches to en-
hancing the operational capability of SPL [12,13]. One of the most effective methods is
to suppress background noise through spectral filtering [14]. For instance, narrowband
filters are commonly used for this purpose. However, the filtering bandwidth of current
mainstream spectral filtering techniques is typically on the nanometer scale, which may
not fully meet the stringent requirements of SPL systems. Signal encoding techniques have
also been employed [15-18], where laser output pulses are encoded using programmable
logic control devices to impart specific distributions to the signal light [19]. Representative
methods include true or pseudo-random coding to improve the anti-interference capability
of the signal [20]. In 2022, Wu et al. introduced a multi-beam single-photon light detection
and ranging (LiDAR) system that achieves three-dimensional imaging at a distance of 75 m
using a hybrid wavelength and time multiplexing technique at 1550 nm. The accumulation
time for a single data pointis 1 s [16]. In the same year, Zang et al. presented a system that
integrates an all-optical encoder with a wavelength-division multiplexing (WDM) device
to perform spectral and temporal coding on the illuminating light, enabling high-speed
detection over a distance of 25 m [21]. However, these systems exhibit increased complexity,
impose stringent requirements for beam control, and achieve relatively limited detection
ranges. Upgrading hardware components, such as increasing the emission power or receiv-
ing aperture, has also been considered to boost detection capabilities [22]. However, these
approaches further escalate system costs.

In this paper, we proposed a time-division-multiplexing-based correlated photon lidar
scheme. This approach involves emitting multiple narrowband pulse sequences with fixed
time delays from a pulsed laser. Each pulse sequence has varying intensities, providing
both intensity and time correlations within the signal itself, without requiring external
modulation. A single-photon detector is employed to simultaneously detect multiple pulses,
significantly simplifying the lidar system architecture. We introduce a novel adaptive cross-
correlation method for extracting signals from the photon accumulation histogram. Our
experimental results demonstrate successful 1.5 km distance detection during periods
of intense daytime background noise, with an accumulation time of only 0.5 to 1 s. To
further enhance the signal-to-noise ratio (SNR) under strong background noise conditions,
we propose a time-slicing method for individual measurements. This scheme effectively
streamlines the system structure, reduces costs, and expands the potential application
scenarios of single-photon lidar.

2. Methods

Current single-photon lidar primarily utilizes the time-of-flight (TOF) method.
Through high-precision time measurement approaches, the flight time of photons emitted
by the laser and reflected by the target is recorded, thereby obtaining the distance of the
target. Herein, d represents the distance of the target, f denotes the flight time of the photon,
and c stands for the speed of light, so d = ct/2. From the above equation, it can be con-
cluded that the measurement accuracy of single-photon lidar solely depends on the timing
accuracy of the system. Time-correlated single-photon counting (TCSPC) [23], featuring
timing accuracy as low as the ps or even sub-ps level, is currently widely employed in
domains such as the time measurement of single-photon lidar and fluorescence lifetime
measurement. Single-photon detection is essentially probabilistic in nature. The echo signal
is extremely feeble, with a very small number of photons or even no photons returning for
each emitted pulse. The fundamental principle of TCSPC is shown in Figure 1, which is to
continuously record the low-intensity, high-repetition-frequency echo photons reflected by
the target. TCSPC accurately records the arrival time of each photon, accumulates it in a
histogram to complete one count, and then, through multiple detections and accumulations,
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photons with different arrival times are distributed and accumulated at different positions
in the histogram. There are multiple time bins (Time bin) in the histogram, and the width
of each time bin constitutes the time resolution of the detection, typically in the ps range.
The total count in each time bin corresponds to the counting intensity at this position, and
the original waveform of the signal can be derived by analyzing the histogram. It should be
noted that the count value in the histogram cannot precisely reflect the number of photons,
as the time resolution of the histogram directly affects the total count in each time bin.

Period

Time

Figure 1. Schematic illustration of the TCSPC principle.

By analyzing the temporal positions corresponding to the peaks in the photon count-
ing histogram, precise distance information of the target can be obtained. In the context
of target ranging, the system relies solely on the signals within the histogram for distance
measurement, and cannot leverage spatial correlation methods similar to those used in
three-dimensional imaging to extract additional information. In a high-noise daytime
environment, weak echo signals from distant targets are likely to be obscured by back-
ground noise, making them difficult to distinguish. While spectral filtering using band-pass
filters can effectively reduce background noise levels, the fabrication of narrowband, high-
transmittance filters is both technically challenging and expensive. Therefore, we propose
a time-division-multiplexing-based correlated photon lidar scheme. This approach simulta-
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neously emits and receives multiple pulse sequences with varying relative intensities to
provide intensity correlation, and introduces time correlation through fixed time delays
between pulses. By combining intensity and time correlations, the signal’s resistance to
interference is significantly enhanced, thereby improving the overall detection performance
of the system.

In typical single-photon lidar systems that employ the time-of-flight (ToF) method for
distance measurement, the primary approach to distinguishing signals from noise is by
exploiting the distinct temporal distributions of target echoes and background noise echoes.
Specifically, since the emitted laser pulse typically follows a Gaussian profile, the signal
echo also adheres to a Gaussian distribution. In contrast, background noise exhibits random
temporal distribution without any significant clustering characteristics. Consequently, the
signal echo demonstrates a higher degree of temporal concentration compared to the noise
signal. Signal extraction is achieved by leveraging these differences in the distribution
characteristics of the signal and noise, as illustrated in Figure 2a.

However, in high-noise environments, most time bins are likely to be occupied by
noise, leading to a considerable degree of noise aggregation. Additionally, the dead-time
effect of single-photon detectors causes them to become temporarily unresponsive after
detecting a photon. These factors collectively result in the inability to effectively separate
target echo photons from background noise using simple clustering methods alone. As
shown in Figure 2b, in strong noise conditions, the signal cannot be reliably extracted from
the background noise solely through the aforementioned approach.
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Figure 2. Photon distribution of echo signals under different noise intensities: (a) photon distribution
under low-noise conditions; (b) photon distribution under high-noise conditions.

To address the challenge of target signals being obscured by background noise in a
high-noise environment, where simple aggregation methods fail to effectively extract the
signal, this paper proposes a time-division multiplexing correlated photon lidar system.
Additionally, an “adaptive cross-correlation” method is introduced for extracting target
signals in strong noise environments. The proposed method consists of two key steps. First,
the single-photon lidar system emits multiple pulses with a fixed time delay. An adaptive
template for each calculation is then derived from the single-shot measurement of the target
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photon ranging histogram, which captures both the intensity and time delay information of
the end-face reflection signal. In the second step, an adaptive cross-correlation operation is
performed between the entire histogram and the adaptive template obtained from the cur-
rent measurement, yielding the system’s adaptive correlation function. By identifying the
extremum of this function, the target signal, which was previously masked by background
noise, can be effectively extracted. Among them, the adaptive template can be expressed as
Ty(t) , where

wy t=t;
T,(t) = 1
p(t) {ocz t=t;+ At @

The relative intensities of the two pulses in the template T} (t) are represented by a4
and ay, respectively, which reflect the intensity correlation of the two signal pulses. t; repre-
sents the time corresponding to the adaptive pulse template, and At represents the fixed
delay between the two pulses in the template, providing the temporal correlation of the
signal. The echo photon counting histogram is a discrete time series, Tyt = {t1,t2,...,tn},
abbreviated as T, , where t, represents the flight time of each photon. ¢, and t;;s; represent
two sets of random signals, and the degree of correlation between the two signals is defined
by the following equation:

R(Tp(t), Thist () = E(Tp(t) * Thist (t)) )

As both of the above-mentioned signals are discrete time variables, it follows that

(Tp * Tp)(n) = Y_ Tp(n) * Ty(n 4 m) (3)

In the aforementioned Equation (3), n represents the initial position for the calculation
of the two sequences, m represents the sliding amount of each sequence, ty represents
the initial time position of the time sequence, and t, represents the end time of the time
sequence. It can be set as

Cocc(t) = (Tp * Tp,) (n) 4)

In the above Equation (4), the adaptive cross-correlation function, denoted by C, . (t),
can be calculated based on the photon flight time at the extremum of the function to obtain
the target distance:

7 max(C,..) ¢ 5)

2

In Equation (1), T,(t) is the adaptive template obtained from the histogram sequence,
which solely depends on the current measurement outcome. Therefore, it can reflect the
mutual relationship between single signals with greater precision. Essentially, it is a cross-
correlation operation performed on two vectors. Figure 3a presents the distribution of
signals and noise in a situation of high noise and multiple pulses. As depicted in Figure 3b,
a1 and ap, respectively, represent the intensity information of the two pulses obtained
through end-face reflection (derived from the histogram sequence of actual measurements),
which reflects the intensity correlation of the emission pulses. At is the time delay between
the two pulses, corresponding to the time difference of the emission pulses and providing
the temporal correlation of the signal. Due to the fact that single-photon detection is of a
probabilistic nature, there exist minute temporal variances among the emitted lasers for
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each emission. Consequently, the convolution kernel templates obtained for each detection
are not identical. Utilizing the measurement results of the current measurement as the
convolution template can precisely reflect the correlation of the current measurement.

At the same time, the delay of the simultaneously emitted pulses is fixed and stable.
Therefore, the delay of the target echo signal reflected back by the same target will also
be fixed as At . Although the background noise is intense and it is impossible to obtain
the target signal directly from the background noise, the signal still has a higher degree of
aggregation than the noise, and there is no fixed time delay among the noise. Through this
difference, the signal can be extracted from the noise. The adaptive template simultaneously
provides the intensity-related information and temporal correlation of the target in the
above process. The two-dimensional correlation can effectively guarantee the success rate
of signal extraction.

It is important to emphasize that this method fundamentally differs from traditional
signal encoding approaches. Conventional signal encoding techniques typically involve
secondary control or modulation of the laser output using programmable logic controllers
or similar devices, which can significantly increase system complexity and cost. More-
over, the relationships between encoded pulses in traditional methods are not consistent,
complicating the processing and interpretation of individual test results.
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Figure 3. Adaptive cross-correlation processing method: (a) distribution of backscattered photons
under double-delay pulses; (b) results processed by the * adaptive cross-correlation method.

3. System and Experiment

In anticipation of potential challenges during the actual deployment of the system,
we have prioritized a simplified design by adopting an all-fiber structure, as illustrated
in Figure 4. This configuration effectively mitigates optical path drift issues caused by
vibration, overheating, and external environmental factors, thereby ensuring reliable signal
reception. Furthermore, a single-fiber collimator is utilized to prevent signal loss due to
misalignment between the receiving and transmitting fields of view when deploying the
lidar. The time-division multiplexing function of the lidar is achieved through the use
of a single laser and a single-pixel single-photon detector, which reduces the number of
components and consequently lowers the overall system cost.

The correlated single-photon lidar system employs a custom laser that generates
multiple delayed pulses centered at 1550 nm. Each pulse exhibits stable center wavelengths
with a full width at half maximum (FWHM) of approximately 20 pm. Additionally, these
laser pulses have fixed and consistent time delays and are emitted simultaneously. The
laser pulse repetition rate is adjustable between 1 and 20 kHz, while the average output
power can be tuned to approximately 80 mW. We are currently utilizing a single-pixel
SPAD detector manufactured by IDQ, featuring an InGaAs/InP substrate and a pixel size
of 16 microns. This detector supports both free-running and gated operation modes, with
detection performed via fiber-optic coupling. The schematic diagram of the entire system
is shown in Figure 4, and Table 1 summarizes the key system parameters.
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Figure 4. Schematic diagram of the correlated single-photon lidar system.

Table 1. Parameters of single-photon lidar system.

System Parameters Parameters
Wavelength/nm 1550
Repetition frequency/kHz 20
Average output power/mw 80
Receiving aperture/mm 20

The system employs an all-fiber architecture, which significantly simplifies its design.
A fiber collimator with a 20 mm aperture functions as both the transmitter and receiver
telescope. The echo light is spectrally separated by a fiber filter, which also helps to mitigate
background light noise. Pulsed light signals at different times are combined using a fiber
combiner and subsequently detected by a single-photon detector. Initially, the output pulse
timing sequence of the laser was characterized, as illustrated in Figure 5.
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Figure 5. Timing diagram of the laser output pulse.

As shown in Figure 5, the laser exhibits four distinct output peaks, each corresponding
to a unique time-delayed pulse, with a constant interval between consecutive pulses. Given
the practical constraints of the experimental setup, two of these pulses were selected as
test pulses during the experiment. The multiple outputs are time-division-multiplexed
via time delays. The system is fully fiber-based, eliminating the need for complex optical
path alignment and thereby reducing both system complexity and cost. Upon deployment,
the system was tested for its ranging capability during the midday period, when solar
background radiation was most intense. The system was positioned on an optical bench
adjacent to a window, with a laser collimating mirror serving as both the transmitting and
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receiving telescope. This configuration minimized energy loss due to potential misalign-
ment between the transmit and receive fields of view and simplified system calibration.
Distance measurements were performed on a building located approximately 1.5 km from
the test site, with experiments conducted at various accumulation times. Figure 6 illustrates
the experimental setup.

Figure 6. Schematic diagram of the experimental setup.

The total experiment duration was 1 s, with a system time resolution of 1 ns, corre-
sponding to a distance resolution of 0.15 m. The single-shot ranging histogram is shown
in Figure 7a. From the figure, it can be observed that the noise level is high near the
target region, and a strong end-face reflection peak appears at short range. This peak is
caused by the coupling between the output fiber end face and the laser beam expander lens.
Traditional peak detection methods or simple cross-correlation approaches are ineffective
in this scenario. The single-point ranging method lacks the capability to provide additional
spatial correlation, which is essential for enhancing the system’s signal-to-noise ratio. For
the peak detection method, determining the target distance solely by identifying the peak
of the photon count histogram becomes unreliable in high-noise environments, making
it challenging to accurately ascertain the target position. The cross-correlation method,
which involves performing cross-correlation between the original laser pulse waveform
and the photon count histogram sequence, also proves ineffective under high-noise condi-
tions, as illustrated in Figure 7c. Moreover, the time jitter of the laser pulse can introduce
instability into time measurements. However, this effect can be mitigated by accumulating
multiple SPL measurements, while reducing the laser pulse width can further diminish its
impact. Additionally, the inherent dark count and dead time of the detector are unavoidable
sources of noise that can only be minimized through the development of detectors with
superior performance.

However, the adaptive cross-correlation method described earlier utilizes these
two peaks as adaptive templates for calculation and then performs cross-correlation op-
erations with the photon histogram sequence of the target area to obtain the target signal.
In the enlarged view of the original histogram, multiple peaks exist, making it difficult to
determine the position of the target echo. After applying the adaptive cross-correlation
method once, the result, as shown in Figure 7b, clearly identifies the echo signal at 1550 m.

As the background noise intensity further increases, the single adaptive method
is likely to become ineffective due to the extremely low signal-to-noise ratio (SNR). To
address this issue, a time-splitting slice method was proposed. This method leverages
the more dispersed and random nature of noise by dividing the 1 s cumulatively ranging
experiment into five separate 0.2 s intervals. In each interval, the target signal remains in
the same position within the time series, while the distribution of background noise varies
independently across intervals. By performing independent adaptive cross-correlation



Photonics 2025, 12, 114

9of12

3000

2500

2000

1500

Count

1000

500

0

calculations on the accumulated data from each 0.2 s segment and then summing the results
of the five intervals, the target signal can be effectively restored.
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Figure 7. Schematic diagram of the experimental setup: (a) original ranging histogram; (b) results ob-
tained via adaptive cross-correlation method; (c) traditional cross-correlation result. The * represents
the adaptive cross-correlation operation.

The entire process is as follows: after processing the 1 s accumulation test results using
the adaptive cross-correlation method, a “double-peak phenomenon” emerged, making
it difficult to accurately determine the position of the signal echo, as shown in Figure 8a.
However, by applying the time-splitting slice method described above, the target echo
signal can be successfully recovered within the same accumulation time, and the “double-
peak phenomenon” is eliminated. The specific calculation process is illustrated in Figure 8b,
where (D—O) represent the results after each 0.2 s accumulation, and Figure 8c shows the
final recovery result.

The original histogram/High noise level (1s) Adaptive cross-correlation results

3000

Target

o Template
24

2000

1500

1000

500

45
500 1000 1500 2000 2500 3000 3500 1200 1300

Distance/m

4000 1400 1500 1600

Distance/m

1700 1800 1900 2000

02

2% 10° Adaptive cross-correlation results

Target

0 190 2000

0.8
1450

1500 1550 1600 1650 1700

Distance/m
(0

Figure 8. The time-splitting slicing method successfully restores the target signal. (a) The original 1 s
accumulated signal exhibits a bimodal phenomenon after adaptive cross-correlation processing. The
* represents the adaptive cross-correlation operation. (b) Accumulation of five groups of 0.2 s time
slices, where (D-() represent the results from each 0.2 s segment. (c) The final recovery result using
the time-splitting slicing method.
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Furthermore, we also examine the signal-to-noise ratios of various methods, as detailed
in Table 2 below.

Table 2. Comparison of signal-to-noise ratio of different methods.

Method SNR

Peak value method 1.11
Cross-correlation method 1.33
One-time adaptive cross-correlation method 1.42
Time-splitting slice method 1.52

From the experimental results presented, it is evident that the correlated photon li-
dar system based on time-division multiplexing (TDM) provides enhanced temporal and
intensity correlations compared to traditional single-pulse emission systems. When com-
bined with the proposed adaptive cross-correlation method, this system can successfully
restore histogram signals to a distinguishable state in high-noise and low-accumulation-
time scenarios, where traditional methods fail. Furthermore, a time-slicing technique has
been introduced to address high-noise environments. By dividing the measurement into
multiple short time intervals, the target signal can be effectively recovered within the same
total accumulation time. Compared to the currently prevalent peak detection method and
cross-correlation method, the proposed approach achieves a significantly higher signal-
to-noise ratio (SNR). Specifically, the SNR has increased from 1.11 in the peak method
to 1.52, representing a 38% improvement. The simplicity of the system structure and the
elimination of complex hardware filtering requirements offer significant advantages for
the practical application of single-photon lidar. Given that the optical path employs a
coaxial transceiver configuration, only a simple scanning mechanism is needed to achieve
long-distance three-dimensional imaging, which will be the focus of future work. This
design broadens the potential applications of the system.

4. Conclusions

In this paper, we introduce a time-division-multiplexed multi-dimensional correlated
photon lidar system and propose an adaptive cross-correlation method for extracting echo
signals. The system features a simplified structure implemented with an all-fiber configura-
tion that significantly reduces system complexity and cost. By leveraging the intensity and
temporal correlations provided by multiple pulses, we conducted a single-photon ranging
experiment under intense background noise conditions during the daytime. Using the
adaptive cross-correlation method, the signal was successfully recovered. For scenarios
with high background noise, where a single adaptive cross-correlation is insufficient, we
further developed a time-splitting slicing technique to enhance the performance of the
adaptive cross-correlation approach, ultimately achieving successful recovery of the rang-
ing signal. The signal-to-noise ratio was increased from 1.1 to 1.52 by the traditional peak
method, which is an increase of 38%. The ranging experiment achieved a distance of 1.5 km
with a total accumulation time of 1 s. This work demonstrates the operational effectiveness
of the correlated single-photon lidar system and provides new insights for optimizing
system architecture, miniaturization for engineering applications, and improving detection
performance in single-photon lidar systems.
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The following abbreviations are used in this manuscript:

SPL Single-photon lidar
TOF Time of flight
TCSPC  Time-correlated single-photon counting
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