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We report a method to reduce the detection delay temperature drift for a single-photon detector based on the avalanche
photodiode (SPAD). Both the SPAD and the comparator were temperature stabilized, resulting in an ultra-low temperature
drift at 0.01 ps/°C. A stable time deviation as 0.15 ps over 1000 s was realized, while the ambient temperature fluctuated
rapidly from 24°C to 44°C. To the best of our knowledge, this is the first report on the ultra-stable delay SPAD detector in the
case of rapid increase or decrease of ambient temperature. It is helpful to improve the stability of onboard detectors for
optical laser time transfer between ground and space.
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1. Introduction

In recent years, time of flight (TOF) laser ranging by single-
photon detection has been widely used in satellite laser ranging,
orbiting space debris detection, laser time transfer, laser com-
munications, and so on[1–5]. TOF measurement is based on
the time correlation between the synchronization pulses and
the receiving photons to obtain accurate distance information
of the targets[6]. In order to realize a high precision and ultra-
stable measurement, the single-photon detector with low timing
jitter and high stability is significantly demanded, especially for
the laser time transfer applications, where the accuracy and sta-
bility of the entire chain have been reached at tens of picosec-
onds (ps) and sub-ps, respectively[7]. The current goal of the
global geodetic observing system (GGOS) to achieve 1mm accu-
racy and 0.1 mm/year stability presents the largest challenge to
the photon counting laser ranging system[8]. The project of
European Laser Timing (ELT) under construction has set the
ultimate stability of the entire single-photon laser ranging chain
expressed by the time deviation (TDEV) to be 0.3 ps over
300 s[9,10].
By now, different kinds of single-photon detectors have been

implemented in the laser ranging systems. Photomultiplier tube
detectors (PMTs) with large active area are favorable for collect-
ing the weak returning photon stream[11], whereas its timing jit-
ter is typically on the order of hundreds of ps to a few

nanoseconds[12]. Although the micro-channel plate PMT with
a timing jitter of about 40 ps is developed[13], the high operation
voltage and susceptibility to the external magnetic field effect
will limit its scalability, especially for applications in space.
Recent progress in the superconducting nanowire single-photon
detector makes high-efficiency and low-noise detection of pho-
tons at eye-safe wavelengths possible[14,15], especially since its
timing jitter has been reduced to 14.8 ps[16]. But, efficiently cou-
pling the echo photons to the fiber pigtail of the superconducting
nanowire single-photon detector is still a challenge in the laser
ranging system. Besides, the cryogenic operation temperature
makes it hard to be used in environments other than ground
base stations. Single-photon detectors based on avalanche pho-
todiodes (PDs) have gained a lot of visibility, especially in the
laser time transfer application, due to their small size, large oper-
ation temperature range, and ps timing response compatible
with high-precision time-resolved sensing systems[17–19].
However, the performance of this kind of detector is greatly
influenced by temperature[20,21], which will impact the measure-
ment accuracy and stability.
The single-photon avalanche PD (SPAD) usually operates in

Geiger mode, in which a reverse bias voltage higher than the
breakdown voltage is supplied. However, when the operation
temperature increases, the breakdown voltage of the SPAD chip
will increase, leading to the change of the avalanche gain, and
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hence influence the detection efficiency, dark count, timing jit-
ter, and other important parameters[22]. Moreover, in the SPAD
detector module, ultrafast comparator (CO) chips are usually
used as one of the key components to extract and convert the
avalanche pulses into the digital output. However, its inherent
propagation delay will also vary with the temperature, resulting
in a large detection delay fluctuation. Even if a CO chip with
extremely low temperature drift is implemented, a delay drift
of hundreds of femtoseconds per °C would be introduced, caus-
ing the instability of the single-photon detector[23]. The
Changchun laser ranging station decreases the temperature drift
by shielding the detector in a relatively stable temperature envi-
ronment[20]. A temperature controller for the SPAD chip is a
common solution to reduce the temperature influence, but it
cannot completely prevent the drift caused by the CO[24].
Recently, the research group at Czech Technical University pro-
posed to use a signal coaxial cable with a specific length that has a
negative propagation delay dependent on the temperature for
the detector to compensate the detector temperature drift to
6 fs/°C, and 40 fs over 10,000 s TDEV for the entire time-corre-
lated single-photon counting (TCSPC) measurement chain was
realized, while the ambient temperature is constant[25].
Here, we propose an approach to decrease the temperature

drift effect on the detection delay of the Si-SPAD and demon-
strate an extremely low temperature drift coefficient of
0.01 ps/°C despite the ambient temperature variation by stabi-
lizing the temperature of the key components in the detector
module. With this method, the detection delay was no longer
sensitive to the ambient temperature, providing a long-term
detection delay stability characterized by TDEV as low as
0.15 ps for an averaging time of 1000 s, even when the ambient
temperature fluctuated rapidly from 24°C to 44°C. Such a detec-
tor can be used in space with complex temperature variations, as
well as in an outdoor laser ranging system, especially for the
application of laser time transfer.

2. Experiments and Results

The Si-SPAD used in the experiment here had an active
area of 200 μm in diameter and a breakdown voltage of 33 V
at 10°C, developed by Beijing University of Posts and
Telecommunications[26]. It was operated in Geiger mode and
connected with an active quenching and gating circuit to com-
plete the avalanche detection and suppression, as shown in
Fig. 1. The SPAD chip was mounted into a transistor outline
(TO-8) package vacuum cell equipped with a three-stage
thermoelectric cooler, which was controlled by a propor-
tional–integral–derivative (PID) temperature control module
(TCM 1) set to 10°C within ±0.5°C. The corresponding therm-
istor sensor (Sensor 1) was attached to the surface of the SPAD
chip, and a PID TCM 2 was installed for the CO chip with a cor-
responding thermistor sensor (Sensor 2) on its surface preset to
15°C within ±0.5°C. In this detector, the temperature of the CO
was 5°C higher than that of the other electronic components on
the circuit board when the detector was operating without any

temperature controller. In order to get a larger constant opera-
tion temperature range, the CO’s presetting temperature
was also 5°C higher than that of the SPAD chip. The whole
detector module was integrated in an aluminum housing of
110mm × 65mm × 35mm. A third thermistor sensor (Sensor
3) was installed in the detector housing to monitor the temper-
ature change of the whole module. An external thermoelectrical
board TCM 3 was used to change the ambient temperature for
the test. In this experiment, the bias voltage of the SPAD was
fixed at 2.3 V above its breakdown voltage, providing a detection
efficiency of 50% at 532 nm and a dark count rate of 110 kHz.
Considering the high background photon flux in the intended
space and outdoor applications, the inherent dark count rate
could be acceptable[21]. The timing resolution of the SPAD
module was measured to be 44 ps (full width at half-maximum,
FWHM).
We established a TCSPC experiment to measure the temporal

profiles of the SPAD module, as shown in Fig. 2. A 532 nm
pulsed laser with 28 ps pulse width was employed as the light

Fig. 1. Simplified circuit for the SPAD detector with temperature controlling.
SPAD, single-photon avalanche photodiode; CO, the ultrafast comparator; TCM
1, 2, temperature control module of the SPAD chip and of the CO chip,
respectively.

Fig. 2. Simplified scheme of the TCSPC chain. BS, beam splitter; PD, photo-
diode; Rb clock, rubidium reference clock; TCM 3, temperature control module
for the detector.
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source. The repetition rate was 10 kHz. After attenuating to
about 0.2 photon/pulse, the light was focused onto the SPAD
chip by a convex lens with a beam spot smaller than the active
area of the SPAD chip to ensure all the photons to impinge on
the detector. A PD was used to provide a synchronous signal for
the event timer, which was used to record the interval time
between the emission of the laser pulse and the reception of
the photon signal. An external 1 pps reference signal and a
10 MHz frequency source from a rubidium clock were sent into
the event timer to set up the time scales, providing a ps timing
resolution and femtosecond timing stability. Figure 3 shows the
experimental setup and SPAD package. The overall timing res-
olution of the system was about 56 ps (FWHM) according to

F =
������������������������������
Δ2

l � Δ2
t � Δ2

d

q
, �1�

whereΔl is the width of the laser pulse of 28 ps,Δt is the jitter of
the timing system of 21 ps, and Δd is the jitter of the detector
itself of 44 ps.
As we heated the SPADmodule by TCM3, the temperature of

each sensor was recorded by the multi-channel temperature
recorder in real time. At first, only TCM 1 was operated to make
sure that the SPAD chip could operate at a constant tempera-
ture, while TCM 2 was disconnected so that the temperature
of the CO chip varied with the ambient temperature, similar
to the other electronic components. We measured the temper-
ature drift of the detector by the TCSPC setup at different tem-
peratures recorded by Sensor 3 and found out that the detection
delay had shifted more than 10 ps when the temperature varied
within 18–45°C, as shown in Fig. 4(a). The detection delay
increased linearly with the increasing temperature of the
SPAD module with a slope of 0.38 ps/°C, as shown in Fig. 4(b).
In order to investigate the contribution of the CO chip in the

module to the temperature drift, wemeasured its electrical signal
propagation delay as a function of temperature separately. A
transistor–transistor logic (TTL) signal from an analog function
generator was divided into two channels. One was fed to the CO

chip as the electrical input, and the other one was sent to the
event timer as a trigger signal, whereby the propagation delay
between the TTL and the output of the CO chip could be mea-
sured by the event timer. As TCM 3 heated the module, the tem-
perature of the CO chip changed accordingly. The propagation
delay shifted about 9.66 ps as the temperature increased from
18°C to 45°C, providing a linear dependence of the detection
delay on the temperature with a slope of 0.36 ps/°C, as shown
in Figs. 4(c) and 4(d). Therefore, we can conclude that given that
the SPAD chip temperature is stabilized, and the temperature
delay drift is mainly from the signal propagation delay of the
CO chip.
So, we packed the CO chip in a vacuum cell like the SPAD

chip and used TCM 2 to stabilize the temperature of the CO chip
at 15°C within ±0.5°C. We monitored the detection delay of the
SPAD module as TCM 3 changed the temperature; meanwhile,
the temperatures of the SPAD chip, the CO chip, and the whole
module were recorded by Sensor 1 to Sensor 3, respectively, as
shown in Fig. 5(a). The detection delay of the entire SPADmod-
ule was stabilized with a standard deviation of 0.27 ps during the
whole test of 120 min when the ambient temperature changes
from 24°C to 44°C several times, as shown in Fig. 5(b). It is worth
mentioning that since this method was a passive control of the
detection delay, it would not change the working condition of
the detector itself. Therefore, the key characters of the SPAD
module, such as timing resolution, detection efficiency, and dark
count rate, would be maintained. However, when affected by the

Fig. 3. (a) Experimental setup. TR, temperature recorder; ET, event timer.
(b) Si-SPAD chip. (c) SPAD chip with three-stage thermoelectric cooler in
TO-8 housing. (d) SPAD detector module.

Fig. 4. (a) Detection delay of the detector at 18°C and 45°C, respectively.
(b) Linear dependence of the detection delay of the SPAD module on its tem-
perature. (c) Propagation delay of the CO chip at 18°C and 45°C, respectively.
(d) Relative propagation delay as a function of the CO’s temperature.
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heat dissipation for TCM 1 in such an integrated SPADmodule,
the stabilized operating temperature of the SPAD chip was
between 24°C and 44°C. At the beginning and also at the end of
the test, the relative detection delay drifted due to the out of con-
trol of TCM 1 when the ambient temperature was below 24°C or
above 44°C, as shown in Fig. 5(b). The stabilized operation
temperature range could be enlarged by a better design of
dissipation.
Then, we extracted the relative detection delay as a function of

the ambient temperature according to Fig. 5 to demonstrate the
linear dependence of the detection delay on the temperature, as
shown in Fig. 6(a). Each point was the average of 24 experimen-
tal data of the detection delay measured at the same temperature
during the test of 120 min, and the error bars were obtained by
the standard deviation of the experimental data at the same
temperature. The linear fit of the data shows that a slope of
0.01 ps/°C was achieved. Compared to the temperature drift

without the temperature stabilization on the CO chip in
Fig. 4(b), the slope of the curve decreased dramatically, indicat-
ing that this method has a significant effect on reducing the sin-
gle-photon detector’s temperature drift. Owing to the small
detection delay drift within a temperature variation of 20°C,
0.15 ps over an averaging time of 1000 s TDEV has been reached
for the entire TCSPC chain, as shown by the blue line in
Fig. 6(b). The purple line in Fig. 6(b) is the TDEV result before
optimization. The long-term TDEV was remarkably improved
through decreasing the detector’s temperature drift by stabiliz-
ing the temperature of both the SPAD and the CO chips. To the
best of our knowledge, this is the first report on an ultra-stable
delay SPAD detector in case of rapid increase or decrease of
ambient temperature. It is suitable especially for applications
in space environments where the temperature changes are
unpredictable.
In principle, the method described above could be imple-

mented in different kinds of single-photon detectors with tem-
perature-sensitive components for applications with high
requirements on detection delay stability in complex tempera-
ture variation environments, such as outdoor laser ranging sys-
tems and optical laser time transfer. Besides the SPAD chip and
the CO chip, there are other temperature-sensitive components
in the SPAD module, such as the switching transistor and the
resistors. Better detection delay stability would be achieved if
lower temperature drift coefficient resistors and transistors
are implemented when the operation temperature of SPAD
and CO chips was fixed well.

3. Conclusion

In this work, we improved the detection delay stability in tem-
perature variation environments by reducing the detection delay
temperature dependence of the single-photon detector based on
SPAD. We packed both the SPAD chip and the ultrafast CO in
separate vacuum TO-8 packages and applied temperature con-
trol on them individually to ensure that these two core chips
operate stably in the detector. The detection delay standard
deviation of the whole SPAD module was 0.27 ps over 2 h of
operation when the ambient temperature changed from 24°C
to 44°C. Within the temperature variation range, a 0.01 ps/°C
detection delay temperature drift of the detector and a 0.15 ps
over 1000 s timing stability of the entire TCSPC chain repre-
sented by TDEV were achieved, enabling the detector to be used
in outdoor applications with complex temperature variations,
such as satellite laser ranging and optical laser time transfer.
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Fig. 5. (a) Real-time temperature monitored by Sensors 1–3 during the test of
about 120 min. (b) Stabilized real-time relative detection delay.

Fig. 6. (a) Relative detection delay dependent on the ambient temperature.
Solid line is the linear fit of the experiment data. (b) The TDEV before and after
optimization within a temperature variation of 24°C to 44°C.
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