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SINGLE-PHOTON DETECTOR COOLING CONTROL METHOD AND SYSTEM
ADAPTIVE TO TEMPERATURE AND TEC PERFORMANCE CHANGE

[0001] The present application claims the priority to Chinese Patent Application No.
202310246798.7, titled "SINGLE-PHOTON DETECTOR COOLING CONTROL METHOD
AND SYSTEM ADAPTIVE TO TEMPERATURE AND TEC PERFORMANCE CHANGE",
filed on March 10, 2023 with the China National Intellectual Property Administration, which is

incorporated herein by reference in its entirety.

FIELD
[0002] The present disclosure relates to the field of single-photon detectors, in particular to a
cooling control method and system for a single-photon detector, which is adaptive to ambient

temperature variation and TEC performance degradation.

BACKGROUND

[0003] In existing single-photon detectors, a commonly used cooling control process of a
TEC (thermoelectric cooler) is as follows: a controller controls a DAC chip to supply a control
voltage for a dedicated TEC driver chip, to regulate a magnitude or direction of an output
voltage of the dedicated TEC driver chip, realizing cooling or heating by the TEC. During this
control process, a temperature is acquired by an ADC chip to regulate the temperature of the
single-photon detector, as shown in FIG. 1. Some dedicated TEC driver chips control a target
temperature through external resistors configuration and further achieve temperature
stabilization using PID regulation through a resistance-capacitance value, which further
simplifies the external driving circuit of the TEC controller and provides a high level of

integration.

[0004] Patent document CN111258351A discloses a TEC temperature control solution for a
single-photon detector. In this control solution, a DAC chip outputs a voltage V. DAC to a
temperature control circuit based on a DAC digital signal control value; the voltage V. DAC is
divided by electronic elements in the temperature control circuit and then is coupled by a

capacitor bank, to apply voltages V. TEC Pand V_TEC N to two voltage input terminals of a
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TEC for regulating a cooling temperature of the TEC. An upper limit of current or voltage is
regulated by means of a power supply chip or a resistance value obtained through a combination
of resistors. Additionally, temperatures of the single-photon detector module controlled by the
TEC and PID parameters are stored in a memory, and the temperature control algorithm of the
TEC is embedded in a main control unit. As a result, a TEC driver chip for cooling is no longer
required, and issues such as insufficient voltage or current output of the TEC chip and poor
consistency in parameters of existing TEC hardware platforms are addressed. Furthermore,
unified parameter configuration, flexible hardware circuit design, and effective cost reduction

are achieved.

[0005] However, no voltage protection for the TEC device is provided in the prior art. When
the TEC device operates near its rated voltage for a long time, the service life of the TEC device
will be reduced. Moreover, how to achieve cooling control when the temperature difference
between the ambient environment and the target cooling temperature exceeds a maximum
cooling temperature difference of the TEC is not provided in the prior art. In scenarios where
the ambient temperature is too high or the TEC performance for the detector degrades, the
temperature difference between the ambient temperature and the target cooling temperature will
exceed the maximum cooling temperature difference of the TEC. As a result, the TEC fails to
cool an APD (avalanche photodiode) to a target temperature, and performance parameters
related to the temperature such as detection efficiency, dark count rate, and afterpulse
probability will fluctuate, thereby affecting the overall performance of the single-photon
detector. Meanwhile, in this condition, the TEC device will operate in an extreme cooling
operating state for a long period in order to reach the target temperature, which will lead to a

degradation in the performance and reliability of the TEC device over time.

SUMMARY

[0006] To address the aforementioned issues in the prior art, a cooling control method and a
cooling control system for a single-photon detector adaptive to temperature and TEC
performance variations are provided according to the present disclosure, in which a maximum
operating voltage of the TEC is limited, a TEC operating voltage and a cooling temperature are
monitored in a real time manner, and the target temperature of the TEC and the APD bias

voltage are automatically regulated based on the monitored results, effectively ensuring the
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stable operation of the single-photon detector even under a condition of excessively high
ambient temperature or TEC performance degradation. In addition, when the ambient
temperature returns to the normal range, the target cooling temperature of the TEC can be
restored to the initial target cooling temperature, and the APD bias voltage is accordingly
regulated, so that the performance parameters of the single-photon detector, such as detection
efficiency, dark count rate, and afterpulse probability are restored to their respective normal
states. Thus, the service lives of both the TEC device and the single-photon detector can be
effectively prolonged, and the environmental adaptability of the single-photon detector can be

improved.

[0007] Specifically, a cooling control method for a single-photon detector adaptive to
temperature and TEC performance variations is provided according to a first aspect of the

present disclosure, and the cooling control method includes:

presetting an upper limit of an operating voltage and a specified minimum voltage for a

TEC;

increasing a target temperature and an APD bias voltage in response to a cooling
temperature of the TEC failing to reach the target temperature within a specified time period or
the operating voltage of the TEC at the target temperature being greater than the upper limit;

and

decreasing the APD bias voltage and the target temperature in response to the operating

voltage of the TEC at the target temperature being less than the specified minimum voltage.

[0008] In an embodiment, the upper limit of the operating voltage is set to 70% of a rated
operating voltage of the TEC.

[0009] In an embodiment, the cooling control method for a single-photon detector includes
an initialization step, an adaptive temperature increase step, a specified maximum voltage
monitoring step, a specified minimum voltage monitoring step, an adaptive temperature

decrease step, and a cooling temperature monitoring step.

[0010] The initialization step includes setting the target temperature as an initial target
temperature, setting the APD bias voltage as an initial APD bias voltage upon power-on;
determining whether the cooling temperature of the TEC reaches the target temperature within

the specified time period, and determining, in response to the cooling temperature reaching the
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target temperature within the specified time period, whether the operating voltage of the TEC
at the target temperature is greater than a specified maximum voltage, where the specified
maximum voltage is set to be lower than the upper limit of the operating voltage; performing
the adaptive temperature increase step in response to the cooling temperature of the TEC failing
to reach the target temperature within the specified time period or the operating voltage of the
TEC at the target temperature is greater than the specified maximum voltage; and continuing,
in response to the cooling temperature of the TEC reaching the target temperature within the
specified time period or the operating voltage of the TEC at the target temperature being less
than or equal to the specified maximum voltage, the determining whether the operating voltage

of the TEC at the target temperature is greater than the specified maximum voltage.

[0011] The adaptive temperature increase step includes updating the target temperature by
increasing the target temperature; increasing the APD bias voltage after the cooling temperature

reaches the target temperature; and performing the specified maximum voltage monitoring step.

[0012] The specified maximum voltage monitoring step includes determining whether the
operating voltage of the TEC at the target temperature is greater than the specified maximum
voltage; performing the adaptive temperature increase step in response to the operating voltage
of the TEC at the target temperature being greater than the specified maximum voltage; and
performing the specified minimum voltage monitoring step in response to the operating voltage

of the TEC at the target temperature being less than or equal to the specified maximum voltage.

[0013] The specified minimum voltage monitoring step includes determining whether the
operating voltage of the TEC at the target temperature is less than a specified minimum voltage,
and performing the adaptive temperature decrease step in response to the operating voltage of

the TEC at the target temperature being less than the specified minimum voltage.

[0014] The adaptive temperature decrease step includes updating the target temperature by
decreasing the target temperature, decreasing the APD bias voltage before the cooling
temperature reaches the target temperature, and performing the cooling temperature monitoring

step.

[0015] The cooling temperature monitoring step includes determining whether the cooling
temperature of the TEC reaches the target temperature within the specified time period, and
performing the adaptive temperature increase step in response to the cooling temperature of the
TEC failing to reach the target temperature within the specified time period.

-4 -
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[0016] In an embodiment, the initialization step further includes setting an initial value for a

flag; and the cooling control method further includes:

determining, in response to determining that the operating voltage of the TEC at the target
temperature is greater than or equal to the specified minimum voltage in the specified minimum
voltage monitoring step, whether a value of the flag is the initial value; performing a recovering
operating voltage monitoring step in response to the value of the flag being the initial value;
and performing the specified maximum voltage monitoring step in response to the value of the

flag being not the initial value;

the recovering operating voltage monitoring step includes determining whether the
operating voltage of the TEC at the target temperature is less than a recovering operating
voltage; performing the specified maximum voltage monitoring step in response to the
operating voltage of the TEC at the target temperature being greater than or equal to the
recovering operating voltage; setting the flag as a value different from the initial value and
performing the adaptive temperature decrease step, in response to the operating voltage of the
TEC at the target temperature being less than the recovering operating voltage; and resetting
the flag as the initial value in response to the cooling temperature of the TEC reaching the target

temperature within the specified time period; where

the recovering operating voltage is a sum of the specified minimum voltage and a preset

redundant voltage.

[0017] In an embodiment, the cooling control method for a single-photon detector according
to the present disclosure further includes: determining whether the target temperature is equal
to the initial target temperature in response to the cooling temperature of the TEC reaching the

target temperature within the specified time period in the cooling temperature monitoring step;

determining, in response to the target temperature being equal to the initial target
temperature, whether the operating voltage of the TEC at the target temperature is greater than
the specified maximum voltage; performing the adaptive temperature increase step in response
to the operating voltage of the TEC at the target temperature being greater than the specified
maximum voltage; and continuing, in response to the operating voltage of the TEC at the target
temperature being less than or equal to the specified maximum voltage, the determining whether
the operating voltage at the target temperature is greater than the specified maximum voltage;

and
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performing, in response to the target temperature being unequal to the initial target

temperature, the specified maximum voltage monitoring step.

[0018] In an embodiment, the cooling control method for a single-photon detector according
to the present disclosure further includes prompting an anomaly in response to the target

temperature being unequal to an initial target temperature.

[0019] In an embodiment, the operating voltage of the TEC at the target temperature is

determined when the cooling temperature stably reaches the target temperature.

[0020] In an embodiment, the cooling control method for a single-photon detector according
to the present disclosure further includes: calculating a regulated amount of the APD bias
voltage based on a regulated amount of the target temperature by using an APD avalanche
breakdown voltage-temperature coefficient factor a, where a difference between the APD bias

voltage and an avalanche breakdown voltage is constant.

[0021] A cooling control system for a single-photon detector adaptive to temperature and
TEC performance variations is provided according to a second aspect of the present disclosure,

and includes: a temperature sensing module, a control module, and a TEC; where
the TEC is configured to cool an APD;

the temperature sensing module is configured to acquire a real-time cooling temperature

of the TEC and send the real-time cooling temperature of the TEC to the control module; and

the control module is configured to regulate a target temperature of the TEC and an APD
bias voltage applied to the APD based on the cooling control method for a single-photon

detector described above.

[0022] In an embodiment, the temperature sensing module includes a TEC temperature
acquisition unit and an ADC unit. The TEC temperature acquisition unit is configured to acquire
the real-time cooling temperature of the TEC and output an analog temperature value. The ADC
unit is configured to convert the analog temperature value into a digital temperature acquisition

signal and send the digital temperature acquisition signal to the control module.

[0023] In an embodiment, the control module includes a storage unit, a control unit, a DAC

unit, an APD bias voltage unit, and a DC/DC power supply.

[0024] The storage unit is configured to store an initial target temperature and an initial APD
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bias voltage.

[0025] The control unit is configured to determine the target temperature and the APD bias
voltage based on the cooling control method for a single-photon detector described above;
generate a digital control signal for a TEC operating voltage based on the target temperature
and the real-time cooling temperature of the TEC, and generate a digital control signal for the

APD bias voltage based on the APD bias voltage.

[0026] The DAC unit is configured to convert the digital control signal for the TEC operating
voltage into an analog control signal for the TEC operating voltage, and convert the digital

control signal for the APD bias voltage into an analog control signal for the APD bias voltage.

[0027] The DC/DC power supply is configured to supply an operating voltage for the TEC

based on the analog control signal for the TEC operating voltage.

[0028] The APD bias voltage unit is configured to supply a bias voltage for the APD based

on the analog control signal for the APD bias voltage.

[0029] In an embodiment, the storage unit is further configured to store PID parameters; and
the control unit is further configured to generate the digital control signal for the TEC operating
voltage based on the target temperature and the real-time cooling temperature of the TEC by

using a PID algorithm.

[0030] In an embodiment, a maximum output voltage of the DC/DC power supply is
configured as the upper limit of the operating voltage for the TEC by means of a resistor
network; and/or, the digital control signal for the TEC operating voltage is in a form of a DAC

code value.

BRIEF DESCRIPTION OF THE DRAWINGS
[0031] The embodiments of the present disclosure are described in detail below in

conjunction with the drawings.

[0032] For more clearly illustrating technical solutions in embodiments of the present
disclosure or in the prior art, the drawings to be used in the embodiments or the prior art are
briefly described hereinafter. Apparently, the drawings in the following description only show

some embodiments of the present disclosure, and other drawings may be obtained by those
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skilled in the art based on the provided drawings without any creative efforts.

[0033] FIG. 1 schematically shows a TEC cooling control solution for a single-photon

detector in the prior art;

[0034] FIG. 2 shows an example of a cooling control system for a single-photon detector

adaptive to temperature and TEC performance variations according to the present disclosure;

[0035] FIG. 3 shows an example of a cooling control method for a single-photon detector
adaptive to temperature and TEC performance variations according to the present disclosure;

and

[0036] FIG. 4 shows a flowchart of processing a temperature anomaly signal in the cooling
control method for a single-photon detector adaptive to temperature and TEC performance

variations according to the present disclosure.

DETAILED DESCRIPTION

[0037] Hereinafter, exemplary embodiments of the present disclosure are described in detail
with reference to the drawings. The following embodiments are provided in a manner of
example, to fully convey the spirit of the present disclosure to those skilled in the art to which
the present disclosure pertains. Therefore, the present disclosure is not limited to the

embodiments disclosed herein.

[0038] FIG. 2 shows an example of a cooling control system for a single-photon detector

adaptive to temperature and TEC performance variations according to the present disclosure.

[0039] The cooling control system for a single-photon detector adaptive to temperature and
TEC performance variations may include a TEC, a temperature sensing module and a control

module.

[0040] It is known by those skilled in the art that APD is a core optoelectronic device in the
single-photon detector, and operates in a Geiger mode in which a reverse bias voltage exceeds
an avalanche breakdown voltage. Typically, a TEC provides cooing for the APD to suppress
dark count. The TEC may be a semiconductor cooler made by utilizing Peltier effect of

semiconductor materials.

[0041] In order to achieve cooling control, a real-time cooling temperature of the TEC is
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acquired by means of the temperature sensing module, and is sent to the control module for

performing cooling control based on the real-time cooling temperature.

[0042] As shown in FIG. 2, the temperature sensing module may include a TEC temperature
acquisition unit and an ADC unit, where the TEC temperature acquisition unit is configured to
acquire the real-time cooling temperature of the TEC and output an analog temperature value;
and the ADC unit is configured to convert the analog temperature value into a digital
temperature acquisition signal and send the digital temperature acquisition signal to the control

module.

[0043] As an example, the TEC temperature acquisition unit may acquire, by means of a
thermistor in a resistive voltage division manner, a real-time temperature at the APD, that is,

the real-time cooling temperature of the TEC.
[0044] As an example, the ADC unit may be implemented by an ADC chip.

[0045] In the present disclosure, in addition to controlling the TEC to achieve a target
(cooling) temperature of the TEC and applying a bias voltage corresponding to the target
temperature to the APD, the control module may further adaptively regulate the target
temperature of the TEC and an APD bias voltage based on a variation in an ambient temperature
and a degradation condition of the TEC performance, preventing the TEC from operating at a
full load for a long time, and ensuring the stable performance of the single-photon detector
under a condition that the ambient temperature varies (too high) or the TEC performance

degrades.

[0046] As shown in FIG. 2, the control module may include a storage unit, a control unit, a
DAC unit, an APD bias voltage unit, and a DC/DC power supply. The storage unit may be
implemented in the form of a memory, and the control unit may be implemented in the form of
a controller. The DAC unit, the APD bias voltage unit, and the DC/DC power supply each may

be implemented in the form of a chip.

[0047] In the present disclosure, for example, an APD cooling temperature and an APD bias
voltage are configured by factory, and are acquired and stored in advance in the storage unit as
an initial target temperature of the TEC and an initial APD bias voltage, respectively.
Furthermore, PID parameters may be stored in advance in the storage unit if the target

temperature of the TEC is regulated by means of a PID algorithm.



10

15

20

25

30

English translation of PCT/CN2023/100660

[0048] Therefore, when the device is powered on, the control unit may read the initial target
temperature and the initial APD bias voltage from the storage unit as a current (real-time) target
temperature and a current APD bias voltage, respectively, and read the PID parameters for the

subsequent PID control process.

[0049] When acquiring the current target temperature and acquiring, based on the digital
temperature acquisition signal from the ADC unit, the real-time cooling temperature of the
TEC, the control unit may generate, based on the current target temperature and the real-time
cooling temperature, a digital control signal for a TEC operating voltage by using the
corresponding PID algorithm, and send the digital control signal to the DAC unit. The DAC
unit may control, based on the received digital control signal, the DC/DC power supply to
output a corresponding operating voltage to the TEC, and finally the real-time cooling
temperature of the TEC can stably reach the target temperature, thereby achieving the control

process of the current target temperature.

[0050] As an example, the digital control signal for the TEC operating voltage outputted by
the control unit may be in the form of a DAC code value (code value), and the DAC code value
and the TEC operating voltage are in one-to-one correspondence. Therefore, when the real-time
cooling temperature of the TEC stably reaches the target temperature, the TEC operating
voltage regulated by the PID algorithm in the control unit is also a stable value, that is, the DAC
code value outputted by the control unit is also a stable value (or a value fluctuating in a small
range). Therefore, the control unit may calculate the current TEC operating voltage based on
the current DAC code value, so as to determine the current cooling power (operating state) of

the TEC.

[0051] For example, the DAC code value ranges from 0 to 65535. A smaller code value
indicates that the DC/DC power supply outputs a higher TEC operating voltage to the TEC.
The DAC code value corresponding to the target temperature (that is, the initial target
temperature) is 20000 under a normal condition where the factory-calibrated configuration
parameters are used and both the cooling temperature and TEC operating state are stable. As
the TEC operates over time, its performance may degrade. Therefore, with other conditions
unchanged, the DAC code value may decrease (for example, to 10000) for stably cooling to a
same target temperature, indicating that the TEC needs to operate at a higher operating voltage.

Alternatively, a cooling temperature difference of the TEC increases as the ambient temperature

- 10 -
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increases, and thus cooling power needs to be increased in order to stably cool to the same target
temperature. In this case, the DAC code value for stably cooling to the same target temperature
also decreases (for example, to 10000), also indicating that the TEC needs to operate at a higher
operating voltage. Therefore, in the present disclosure, using the DAC code value facilitates
monitoring a variation in an ambient temperature and a degradation condition of the TEC
performance. For example, an anomaly may be detected in response to the DAC code value
falling below a preset threshold, and the anomaly status may be reported to a host computer or

indicated via a hardware indicator as needed.

[0052] As described above, the control unit according to the present disclosure is further
configured to adaptively regulate the target temperature of the TEC and the APD bias voltage
based on a variation in the ambient temperature and the degradation condition of the TEC
performance, so as to prevent the TEC from operating at a full load for a long time, and to
ensure stable performance of the single-photon detector under a condition that the ambient

temperature varies (too high) or the TEC performance degrades.

[0053] In view of this, an upper limit of the operating voltage for the TEC may be preset to
prevent the TEC from operating at the full load for a long time. Therefore, the control unit may
increase the target temperature when the cooling temperature of the TEC fails to reach the target
temperature within a specified time period or when the TEC operating voltage at the target
temperature is greater than the upper limit of the operating voltage, and decrease the target
temperature when the operating voltage of the TEC at the target temperature is less than a
specified minimum voltage, so as to adaptively regulate the target temperature of the TEC based
on the variation in the ambient temperature and the degradation condition of the TEC

performance.

[0054] As an example, a maximum output voltage of the DC/DC power supply for supplying
an operating voltage for the TEC is limited, by a resistor network in the form of hardware, as
the upper limit of the operating voltage. Preferably, the upper limit of the operating voltage may

be set to 70% of a rated operating voltage of the TEC.

[0055] Furthermore, in order to ensure stable performance of the single-photon detector, the
control unit may calculate, while regulating the target temperature, an APD bias voltage
corresponding to a regulated target temperature based on a linear relationship between an APD

avalanche breakdown voltage and a temperature, so as to maintain, for example, a constant
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difference between the bias voltage applied to the APD and a current avalanche breakdown

voltage.

[0056] Assuming that the control unit regulates the target temperature with a step size Tj .,
Tiarget 1 represents the current target temperature, T,eq Tepresents the real-time cooling

temperature of the TEC, V,,,. ; represents the APD bias voltage corresponding to the current
target temperature, and a represents an avalanche breakdown voltage—temperature coefficient

factor.

[0057] When determining that the current target temperature is to be increased, the control

unit may calculate the regulated target temperature as Tz ger changs — (i + 1) ¥ Wy,

Tigvel

o=
freal

where represents round down to a nearest integer.

level

[0058] Subsequently, the control unit further calculates the APD bias voltage

Voias change = VYoiaan T+ 4% AT:GP‘gs: corresponding to the regulated target temperature
thrge:_change B where ATtarge: = T:ar‘gs:_changa £ T:m‘ge:_l'

[0059] Therefore, the control unit may control the cooling temperature of the TEC to stably
reach the target temperature Tesygee change by using the PID algorithm, and control the APD
bias voltage unit to apply the APD bias voltage Viias crange to the APD after the cooling
temperature of the TEC reaches the target temperature Tezygee change -

[0060] Similarly, when determining that the current target temperature is to be decreased, the

control unit may calculate the regulated target temperature Tizyges change = Learges 1 — Lievei-

[0061] Subsequently, the control unit further calculates the APD bias voltage

Viias_change = Vbias.1 — @* Tieper  corresponding to the regulated target temperature

T

target_changse -

[0062] In this condition, different from the temperature increase process, the control unit first
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controls the APD bias voltage unit to apply the APD bias voltage Vyias crangs to the APD,
and then controls the cooling temperature of the TEC to stably reach the target temperature
Tearges change by using the PID algorithm, thereby providing necessary protection for the

APD during adaptive temperature decrease.

[0063] To facilitate a better understanding of the operation principle of the present disclosure
(especially the control unit), a cooling control method for a single-photon detector adaptive to
temperature and TEC performance variations is described in detail with reference to FIG. 3 and

FIG. 4 hereinafter.

[0064] Asshown in FIG. 3, the cooling control method for a single-photon detector according
to the present disclosure may include an initialization step, an adaptive temperature increase
step, a specified maximum voltage monitoring step, a specified minimum voltage monitoring

step, an adaptive temperature decrease step, and a cooling temperature monitoring step.
[0065] In the initialization step (for example, startup at power on), the control unit may read,

from a storage unit, the initial target temperature Tiqrger and the initial APD bias voltage
Vhias » and set a current target temperature with the value of Tiarger and set a current APD

bias voltage with the value of V. . In addition, the control unit may further set a flag P with

an initial value (for example, P=0).

[0066] Therefore, the control unit may control the cooling temperature of the TEC to reach
the target temperature by using the PID algorithm, and determine whether the cooling

temperature of the TEC reaches the target temperature within a specified time period.

[0067] If the cooling temperature of the TEC reaches the target temperature within the
specified time period, it may further be determined whether the operating voltage of the TEC
is greater than a specified maximum voltage when the cooling temperature stably reaches the
target temperature. The specified maximum voltage may be set to be slightly lower than the
upper limit of the operating voltage of the TEC, which facilitates achieving a required cooling

state more stably.

[0068] If the cooling temperature of the TEC fails to reach the target temperature within the

specified time period or the operating voltage of the TEC at the target temperature is greater
13 -
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than the specified maximum voltage, the target temperature may be increased through the
adaptive temperature increase step to reduce the working intensity of the TEC and maintain

stable operation of the single-photon detector.

[0069] If the cooling temperature of the TEC reaches the target temperature within the
specified time period and the operating voltage of the TEC at the target temperature is less than
or equal to the specified maximum voltage, the current operating state of the TEC may be
maintained, and the operating voltage of the TEC at the target temperature may be continuously
monitored to determine whether the operating voltage is greater than the specified maximum
voltage, so as to continuously monitor a variation in ambient temperature and/or the degradation

condition of the TEC performance.
[0070] In the adaptive temperature increase step, the control unit may, for example, increase
the target temperature by a step size T,.,.; to update the target temperature, and calculate an

APD bias voltage corresponding to the updated target temperature. For example,

- Treal 1+1) %
thrge:_chcnge il ( l) Tte:-'sl and V.

- r 4 %®
Tievel bias_change ~— I'b:c:s_l ax AT are

target
calculated as previously described. After controlling the cooling temperature of the TEC to
reach the updated target temperature (for example, by using the PID algorithm), the control unit
controls the APD bias voltage unit to apply the APD bias voltage corresponding to the updated
target temperature to the APD. Subsequently, the control unit begins to perform the specified

maximum voltage monitoring step.

[0071] In the specified maximum voltage monitoring step, the control unit may determine
whether the operating voltage of the TEC at the target temperature is greater than the specified
maximum voltage. If the operating voltage of the TEC at the target temperature is greater than
the specified maximum voltage, the adaptive temperature increase step is performed to further
increase the target temperature. If the operating voltage of the TEC at the target temperature is
less than or equal to the specified maximum voltage, the specified minimum voltage monitoring

step may be performed.

[0072] In the specified minimum voltage monitoring step, the control unit may determine
whether the operating voltage of the TEC at the target temperature is less than the specified

minimum voltage. If the operating voltage of the TEC at the target temperature is less than the
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specified minimum voltage, the adaptive temperature decrease step is performed to decrease

the target temperature.

[0073] Inthe adaptive temperature decrease step, the control unit may also decrease the target
temperature by a step size T,.,.; to update the target temperature, and calculate an APD bias
voltage corresponding to the updated target temperature. For example,
T:ar‘gst_ci':a.“.gé = T:m~gs:_1 — Tiever and mes_cnange = Viias.1 — @* Tieper are calculated as

previously described. Different from the temperature increase process, after calculating the
decreased target temperature and the APD bias voltage corresponding to the decreased target
temperature, the control unit first controls the APD bias voltage unit to apply the updated APD
bias voltage to the APD, and then controls (for example, using the PID algorithm) the cooling
temperature of the TEC to reach the updated target temperature, thereby providing protection
for the APD during the temperature decrease process and avoiding the risk of breakdown caused

by excessive voltage on the APD.

[0074] If, in the specified minimum voltage monitoring step, it is determined that the
operating voltage of the TEC at the target temperature is greater than or equal to the specified
minimum voltage, the control unit may determine whether the flag P is an initial value (for
example, by checking whether P is a non-initial value such as 1). If the flag P is another value

(for example, P=1), the specified maximum voltage monitoring step is performed.

[0075] Ifthe flag P is the initial value (P=0), the recovering operating voltage monitoring step
is initiated to determine whether the operating voltage of the TEC at the target temperature is

less than a recovering operating voltage.

[0076] If the operating voltage of the TEC at the target temperature is greater than or equal
to the recovering operating voltage, the specified maximum voltage monitoring step is
performed. If the operating voltage of the TEC at the target temperature is less than the
recovering operating voltage, the flag P is set to another value (P=1), and the adaptive
temperature decrease step is performed. When the cooling temperature of the TEC reaches the
target temperature (as calculated by the adaptive temperature decrease step) within the specified

time period, the flag P is reset to the initial value (P=0).

[0077] In the present disclosure, configuration of the specified minimum voltage enables the
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target temperature of the TEC to be further decreased when an operating voltage of the TEC is
less than the specified minimum voltage, and due to inevitable individual differences among
TEC devices, target temperatures of some TEC devices may further be decreased even when
their operating voltages are greater than or equal to the specified minimum voltage. Therefore,
in the present disclosure, the recovering operating voltage is obtained by adding a redundant
voltage to the specified minimum voltage as a final voltage for determining whether to decrease
the target temperature. Thus, in the recovering operating voltage monitoring step, a target
temperature decrease attempt is made when the TEC operating voltage is less than the
recovering operating voltage, and is greater than or equal to the specified minimum voltage. If
the target temperature decrease attempt is successful, the flag P is reset to the initial value (P=0)
and the same operation is performed when the next time the same condition occurs. If the target
temperature decrease attempt fails, the flag P is maintained at another value (P=1) and the
determination is skipped when the next time the same condition occurs, which enables the
method and system according to the present disclosure to identify variations between different
batches of TEC devices with minimal computational resources, thereby maximizing the

utilization of the cooling performance of the TEC devices within a reasonable range.

[0078] After the target temperature is decreased through the adaptive temperature decrease
step, the control unit may perform the cooling temperature monitoring step to determine
whether the cooling temperature of the TEC reaches the target temperature within the specified
time period. If the cooling temperature of the TEC reaches the target temperature within the
specified time period, the flag P is reset to the initial value (P=0). If the cooling temperature of
the TEC does not reach the target temperature within the specified time period, the adaptive

temperature increase step is performed to increase the target temperature.

[0079] Referring to FIG. 3, after the target temperature is decreased through the adaptive
temperature decrease step, the control unit may further determine whether the target

temperature is equal to the initial target temperature.

[0080] Ifitis determined that the target temperature is equal to the initial target temperature,
the control unit continues to determine whether the operating voltage of the TEC at the target
temperature is greater than the specified maximum voltage; performs the adaptive temperature
increase step in a case that the operating voltage of the TEC at the target temperature is greater

than the specified maximum voltage; and continues to determine whether the operating voltage
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of the TEC at the target temperature is greater than the specified maximum voltage in a case
that the operating voltage of the TEC at the target temperature is less than or equal to the

specified maximum voltage.

[0081] If it is determined that the target temperature is unequal to the initial target
temperature, the specified maximum voltage monitoring step is performed, and the method goes

to determine whether to perform the adaptive temperature decrease step.

[0082] Thus, by continuously performing the aforementioned control process during
operation, the control unit is able to adaptively regulate the target (cooling) temperature and the
APD bias voltage under a condition that the ambient temperature varies and the TEC

performance degrades, thereby maintaining the stable operating state of the detector.

[0083] As shown in FIG. 4, the control unit may further pull up a temperature anomaly signal
Error upon detecting that the target temperature differs from the (initial) target temperature
stored in the storage unit, thereby prompting the user to maintain an ambient temperature
suitable for device operation or to check the operating state of the TEC device, providing an

anomaly prompt.

[0084] Furthermore, those skilled in the art readily understand that when the TEC operating
voltage is acquired, it is first determined whether the TEC operating voltage is stable within a
certain time period (since, if the PID parameters are improperly set, the TEC operating voltage
may continuously oscillate for a long time), so as to avoid sampling unstable operating voltages

for determination, thereby ensuring the precise implementation of the cooling control method.

[0085] In summary, in the cooling control method and system for the single-photon detector
adaptive to ambient temperature variation and TEC performance degradation according to the
present disclosure, the maximum operating voltage of the TEC is limited (for example, the
maximum output voltage of the power supply of the TEC is configured by a resistor network in
hardware as 70% of the rated operating voltage of the TEC). The TEC operating voltage and
the cooling temperature are monitored in a real time manner, and the target temperature of the
TEC and the APD bias voltage are automatically regulated based on the monitored results (for
example, increasing the target cooling temperature of the TEC and regulating the APD bias
voltage when the ambient temperature is too high or the TEC performance degrades),
maintaining the operating voltage of the APD unchanged (that is, a difference between the APD

bias voltage and the avalanche breakdown voltage is constant) when the cooling temperature
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varies, thereby maintaining stable detection efficiency of the single-photon detector. While
partially sacrificing the dark count performance of the detector, the method optimizes afterpulse
parameters and guarantees stable operation of the single-photon detector even under the
condition of excessively high operating environment temperature or TEC performance
degradation. When the ambient temperature returns to the normal range, the target (cooling)
temperature of the TEC can be automatically restored to the initial target cooling temperature
(that is, the initial target temperature) stored in the memory (for example, Flash), and the APD
bias voltage is accordingly regulated, so that the performance parameters of the single-photon
detector, such as detection efficiency, dark count rate, and afterpulse probability are restored to
their respective normal states. Thus, the TEC device can be protected, the service lives of both
the TEC device and the single-photon detector can be prolonged, and the environmental
adaptability of the single-photon detector can be improved. As a result, under extreme
conditions such as excessively high ambient temperature or TEC performance degradation, the
single-photon detector can maintain stable operation by sacrificing only a portion of the dark

count performance.

[0086] Although the present disclosure has been described above through specific
embodiments in conjunction with the drawings, those skilled in the art can easily recognize that
the above-mentioned embodiments are only exemplary and are used to illustrate the principles
of the present disclosure, rather than limiting the scope of the present disclosure. Those skilled
in the art can make various combinations, modifications, and equivalent substitutions to the
above-mentioned embodiments without departing from the spirit and scope of the present

disclosure.
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CLAIMS

1. A cooling control method for a single-photon detector adaptive to temperature and TEC

performance variations, comprising:

presetting an upper limit of an operating voltage and a specified minimum voltage for a

TEC;

increasing a target temperature and an APD bias voltage in response to a cooling
temperature of the TEC failing to reach the target temperature within a specified time period or
the operating voltage of the TEC at the target temperature being greater than the upper limit;

and

decreasing the APD bias voltage and the target temperature in response to the operating

voltage of the TEC at the target temperature being less than the specified minimum voltage.

2. The cooling control method for a single-photon detector according to claim 1, wherein

the upper limit of the operating voltage is set to 70% of a rated operating voltage of the TEC.

3. The cooling control method for a single-photon detector according to claim 1,
comprising an initialization step, an adaptive temperature increase step, a specified maximum
voltage monitoring step, a specified minimum voltage monitoring step, an adaptive temperature

decrease step, and a cooling temperature monitoring step; wherein

the initialization step comprises: setting the target temperature as an initial target
temperature, setting the APD bias voltage as an initial APD bias voltage upon power-on;
determining whether the cooling temperature of the TEC reaches the target temperature within
the specified time period, and determining, in response to the cooling temperature reaching the
target temperature within the specified time period, whether the operating voltage of the TEC
at the target temperature is greater than a specified maximum voltage, wherein the specified
maximum voltage is set to be lower than the upper limit of the operating voltage; performing
the adaptive temperature increase step in response to the cooling temperature of the TEC failing
to reach the target temperature within the specified time period or the operating voltage of the
TEC at the target temperature is greater than the specified maximum voltage; and continuing,
in response to the cooling temperature of the TEC reaching the target temperature within the

specified time period or the operating voltage of the TEC at the target temperature being less
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than or equal to the specified maximum voltage, the determining whether the operating voltage

of the TEC at the target temperature is greater than the specified maximum voltage;

the adaptive temperature increase step comprises: updating the target temperature by
increasing the target temperature; increasing the APD bias voltage after the cooling temperature

reaches the target temperature; and performing the specified maximum voltage monitoring step;

the specified maximum voltage monitoring step comprises: determining whether the
operating voltage of the TEC at the target temperature is greater than the specified maximum
voltage; performing the adaptive temperature increase step in response to the operating voltage
of the TEC at the target temperature being greater than the specified maximum voltage; and
performing the specified minimum voltage monitoring step in response to the operating voltage

of the TEC at the target temperature being less than or equal to the specified maximum voltage;

the specified minimum voltage monitoring step comprises: determining whether the
operating voltage of the TEC at the target temperature is less than a specified minimum voltage,
and performing the adaptive temperature decrease step in response to the operating voltage of

the TEC at the target temperature being less than the specified minimum voltage;

the adaptive temperature decrease step comprises: updating the target temperature by
decreasing the target temperature, decreasing the APD bias voltage before the cooling
temperature reaches the target temperature, and performing the cooling temperature monitoring

step; and

the cooling temperature monitoring step comprises: determining whether the cooling
temperature of the TEC reaches the target temperature within the specified time period, and
performing the adaptive temperature increase step in response to the cooling temperature of the

TEC failing to reach the target temperature within the specified time period.

4. The cooling control method for a single-photon detector according to claim 3, wherein
the initialization step further comprises setting an initial value for a flag; and the cooling control

method further comprises:

determining, in response to determining that the operating voltage of the TEC at the target
temperature is greater than or equal to the specified minimum voltage in the specified minimum
voltage monitoring step, whether a value of the flag is the initial value; performing a recovering

operating voltage monitoring step in response to the value of the flag being the initial value;
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and performing the specified maximum voltage monitoring step in response to the value of the

flag being not the initial value;

the recovering operating voltage monitoring step comprises: determining whether the
operating voltage of the TEC at the target temperature is less than a recovering operating
voltage; performing the specified maximum voltage monitoring step in response to the
operating voltage of the TEC at the target temperature being greater than or equal to the
recovering operating voltage; setting the flag as a value different from the initial value and
executing the adaptive temperature decrease step, in response to the operating voltage of the
TEC at the target temperature being less than the recovering operating voltage, and resetting
the flag as the initial value in response to the cooling temperature of the TEC reaching the target

temperature within the specified time period; wherein

the recovering operating voltage is a sum of the specified minimum voltage and a preset

redundant voltage.

5. The cooling control method for a single-photon detector according to claim 3 or 4,

further comprising:

determining whether the target temperature is equal to the initial target temperature in
response to the cooling temperature of the TEC reaching the target temperature within the

specified time period in the cooling temperature monitoring step;

determining, in response to the target temperature being equal to the initial target
temperature, whether the operating voltage of the TEC at the target temperature is greater than
the specified maximum voltage; performing the adaptive temperature increase step in response
to the operating voltage of the TEC at the target temperature being greater than the specified
maximum voltage; and continuing, in response to the operating voltage of the TEC at the target
temperature being less than or equal to the specified maximum voltage, the determining whether
the operating voltage of the TEC at the target temperature is greater than the specified maximum

voltage; and

performing, in response to the target temperature being unequal to the initial target

temperature, the specified maximum voltage monitoring step.

6. The cooling control method for a single-photon detector according to claim 1, further

comprising prompting an anomaly in response to the target temperature being unequal to an
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initial target temperature.

7. The cooling control method for a single-photon detector according to claim 1, wherein
the operating voltage of the TEC at the target temperature is determined when the cooling

temperature stably reaches the target temperature.

8. The cooling control method for a single-photon detector according to claim 1, further
comprising: calculating a regulated amount of the APD bias voltage based on a regulated
amount of the target temperature by using an APD avalanche breakdown voltage-temperature
coefficient factor a, wherein a difference between the APD bias voltage and an avalanche

breakdown voltage is constant.

9. A cooling control system for a single-photon detector adaptive to temperature and TEC
performance variations, comprising: a temperature sensing module, a control module, and a

TEC, wherein
the TEC is configured to cool an APD;

the temperature sensing module is configured to acquire a real-time cooling temperature

of the TEC and send the real-time cooling temperature of the TEC to the control module; and

the control module is configured to regulate a target temperature of the TEC and an APD
bias voltage applied to the APD based on the cooling control method for a single-photon

detector according to any one of claims 1 to 8.

10. The cooling control system for a single-photon detector according to claim 9, wherein
the temperature sensing module comprises a TEC temperature acquisition unit and an ADC

unit, wherein

the TEC temperature acquisition unit is configured to acquire the real-time cooling

temperature of the TEC and output an analog temperature value; and

the ADC unit is configured to convert the analog temperature value into a digital
temperature acquisition signal and send the digital temperature acquisition signal to the control

module.

11. The cooling control system for a single-photon detector according to claim 9, wherein
the control module comprises a storage unit, a control unit, a DAC unit, an APD bias voltage

unit, and a DC/DC power supply, wherein
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the storage unit is configured to store an initial target temperature and an initial APD bias

voltage;

the control unit is configured to: determine the target temperature and the APD bias voltage
based on the cooling control method for a single-photon detector according to any one of claims
1 to 8; generate a digital control signal for a TEC operating voltage based on the target
temperature and the real-time cooling temperature of the TEC; and generate a digital control

signal for the APD bias voltage based on the APD bias voltage;

the DAC unit is configured to: convert the digital control signal for the TEC operating
voltage into an analog control signal for the TEC operating voltage, and convert the digital

control signal for the APD bias voltage into an analog control signal for the APD bias voltage;

the DC/DC power supply is configured to supply an operating voltage for the TEC based

on the analog control signal for the TEC operating voltage; and

the APD bias voltage unit is configured to supply a bias voltage for the APD based on the

analog control signal for the APD bias voltage.
12. The cooling control system for a single-photon detector according to claim 11, wherein
the storage unit is further configured to store PID parameters; and

the control unit is further configured to generate the digital control signal for the TEC
operating voltage based on the target temperature and the real-time cooling temperature of the

TEC by using a PID algorithm.
13. The cooling control system for a single-photon detector according to claim 11, wherein

a maximum output voltage of the DC/DC power supply is configured as the upper limit of

the operating voltage for the TEC by means of a resistor network; and/or

the digital control signal for the TEC operating voltage is in a form of a DAC code value.
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