Minimizing Timing Jitter in Single-

Photon Avalanche Diodes Through

Advanced Active Quenching Techniques
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Abstract
Single-photon detection refers to methods that, under extremely low photon flux, convert
single-photon events into measurable electrical/digital signals. Its applications span distance
measurement and 3D imaging, quantum communications, and astronomical observations. The
goal of this technology is, within the target spectral band and application context, to acquire—
with near-zero distortion—the time of arrival (TOA) and pixel/position information of each
photon, while, under low-cost and low-power conditions, increasing detection efficiency (PDE)

and maximum count rate and reducing dark count rate (DCR) and timing jitter.

Regarding detector choice, superconducting nanowire single-photon detectors (SNSPDs)
currently offer the best system detection efficiency and ultra-low dark counts; however, they
require cryogenic operation and complex systems and thus remain far from large-scale adoption.
In the mass market, single-photon avalanche diodes (SPADs) dominate because they operate
at room temperature, are compatible with CMOS integration, exhibit low timing jitter, and are
readily arrayed. Silicon-based SPADs perform particularly well in the visible band, and recent

back-side illumination (BSI) and 3D stacking have improved fill factor and system integration.

Given the operating principle of SPADs, an external quenching circuit is required to
enable stable single-photon counting. Passive quenching (PQC) achieves automatic reset via a
series resistor, but the recovery time is relatively long, limiting the maximum count rate and
effective detection rate. In most cases, active quenching (AQC) is adopted to shorten the
recovery time and reduce afterpulsing. In this project, we implemented and validated the AQC
architecture proposed in [ 1] and completed the relevant simulations. In our design, we modified
the circuit architecture to optimize the recovery time and perform measurements using a printed

circuit board (PCB) to verify the feasibility of the proposed external AQC.
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1. Background

With the rapid growth of 3D imaging, quantum communication, and high-speed photon
counting, the performance of single-photon detectors has become a system bottleneck. While
SNSPDs offer near-ideal detection capability, their cryogenic operation limits practicality.
SPADs, in contrast, support room-temperature CMOS integration, but require an external
quenching circuit that strongly affects key metrics such as recovery time, maximum count rate,
afterpulsing, and timing jitter. Passive quenching circuits are simple but slow, whereas active
quenching circuits (AQC) reduce recovery time and afterpulsing, yet still face challenges in

avalanche detection latency, hold-off control, and parasitic effects.

This work proposes an improved AQC architecture featuring a low-latency avalanche
detector and a fast recovery path that alleviates RC-related limitations. Circuit-level
simulations are performed to analyze recovery time, count-rate capability, and afterpulsing
across different excess-bias conditions, followed by PCB implementation for experimental
validation. Results show that the proposed AQC effectively shortens recovery time and
enhances detection performance without increasing power consumption or circuit complexity,

demonstrating its practicality for next-generation single-photon detection systems.

2. Purpose

The purpose of this study is to design, optimize, and experimentally validate an improved
active quenching circuit (AQC) for single-photon avalanche diodes (SPADs). This work aims
to overcome key limitations of conventional quenching circuits—specifically long recovery
time, high afterpulsing probability, and limited count-rate performance—while maintaining
low power consumption and compatibility with practical room-temperature operation. By
developing a low-latency avalanche detection path and a fast, controlled recovery mechanism,
the proposed AQC seeks to provide a more efficient, stable, and integrable solution for high-

performance single-photon detection systems.



3. Research Methodology

3.1 Research Framework
(1) Design the architecture of active quenching circuits
(2) Simulate it on HSPICE
(3) Confirm the corresponding block and find suitable component
(4) Draw PCB layout by these components
(5) Measure the PCB and analysis the result
3.2 Design of the Active Quenching Circuit (AQC)

The active quenching circuit (AQC) architecture adopted in this work is shown in
Fig. 1, with a single-photon avalanche diode (SPAD) connected at the lower-right node.
The overall circuit can be divided into two major functional blocks: avalanche detection
and recovery, and output signal buffering. For avalanche detection, the circuit employs a
two-stage inverter acting as a comparator. When the SPAD node voltage drops due to an
avalanche, the comparator responds rapidly, enabling low-latency and low-noise detection
of the avalanche event and ensuring timely control actions. Meanwhile, the PMOS
transistor located below the Vyyfr.r node determines when the SPAD re-enters its
operating state. This design minimizes the dead time as much as possible to improve the
photon detection efficiency (PDE).

The biasing and load path—provided by V},;,s and the PMOS transistor at the upper-
right—keeps the SPAD operating in Geiger mode and supports fast recovery in
coordination with the detection circuitry. Finally, the output buffer converts the internally
detected avalanche event into a stable external signal V,, while preventing excessive
loading from disturbing the SPAD node. By combining low-latency avalanche detection
with a fast recovery mechanism, the proposed architecture effectively shortens the
recovery time and delivers a clean output signal, forming the basis for subsequent

simulation and PCB-level validation.
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Fig. 1 AQC Architecture Proposed in This Work
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Fig. 2 SPAD Equivalent RC Model

3.3 Simulation Setup

In this work, HSPICE with the TSMC 180 nm process is used as the primary

simulation platform to analyze the time-domain behavior and operational characteristics
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of the proposed active quenching circuit (AQC). The SPAD is represented using a
simplified equivalent model, as shown in Fig. 2, to emulate the avalanche current pulse
triggered by a single-photon event. The SPAD breakdown voltage Vpp is obtained from
measurement. For the SPAD used in this study, the breakdown voltage is 50 V, with
Rspaa = 1000Q), Cspqq = 10pF, Cs = 5pF.

The simulation conditions are configured with the source voltage of most PMOS
transistors set to Vpp = 1.2V, while GND serves as the source reference for the NMOS
devices. The voltages V;;,s and V.. define the two terminals that control SPAD
breakdown and must be maintained within specific ranges to ensure proper system
operation. The temperature is set to 25 °C under the TT process corner. In this
configuration, Vj;,s and V. are setto 0.7 V and —16 V, respectively. The SPAD is modeled
to undergo breakdown at 1 ns and to cease the avalanche at 2 ns.

Based on the simulation conditions described in the previous section, the time-domain
voltage waveforms at each node can be obtained. As shown in Fig. 3, V,,, initially
remains at a high level. Now of breakdown at 1 ns, it begins to drop, eventually falling
below Vpysrer. Once Vpyrrer transitions to a high level, the avalanche current is
terminated. After the avalanche is quenched, the recovery process begins. The PMOS
transistor below the Vpyrrer node turns on, causing V,,,—which had been decreasing—
to gradually rise back to its original state. The output signal V, exhibits an opposite
transition corresponding to the change in V.. When Vig returns to a high level, the

PMOS turns off, and the entire system fully returns to its initial operating condition.
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Fig. 3 Simulation Results of the AQC

3.4 PCB Implementation and Experimental Measurements



After completing the simulations, suitable electronic components were selected to
implement the proposed AQC architecture. As the circuit consists of six inverters and two
PMOS transistors, we sourced the components from the SnapEDA database. Specifically,
the MC74AC14 Hex Inverter Schmitt Trigger was selected, along with the
BSS83PH6327XTSA1 p-channel power MOSFET. These two IC components collectively
fulfill the functional requirements of our circuit implementation.

Next, the three IC components were interconnected to realize the design shown in
Fig. 1. The routing layout is illustrated in Fig. 4. The printed circuit board (PCB) was then
implemented using Altium Designer, where the routing diagrams were translated into the
final PCB layout. created under the design-rule constraints (DRC) required for TSRI PCB
fabrication. The input and output nodes are interfaced using SMA connectors, which

improve signal integrity and facilitates subsequent measurements.
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Fig. 4 External Layout of the IC Assembly
4. Results

4.1 Tuning some parameters

4.1.1 Tuning the MIM Capacitor:

The MIM capacitor was originally included to model the junction capacitance



corresponding to the 180 nm simulation process. However, after the PCB
implementation, additional parasitic capacitances arise due to routing and
interconnecting effects. Therefore, we varied the MIM capacitance value to evaluate
how much these internal parasitic could influence the actual measurement results.
From the figure below, it can be observed that the hold-off time increases linearly
with the MIM capacitance. This trend explains why the measured delay on the PCB

is larger than expected.
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Fig. 5 Effect of MIM Capacitor on Hold-Off TimeV,,,,;
4.1.2 Tuning the PMOS Width of M13:
Considering that the size of transistor M 13 determines its voltage sensitivity and
switching speed, increasing its width is expected to reduce the recovery time. A larger
M13 allows V,, to return from a lower potential to a high level more quickly,

thereby reducing the overall dead time.

Transmition Gate Width to Recover Time

Transmition Gate Width(um)

Fig. 6 Effect of PMOS M13 on Recovery Time
4.1.3 Tuning the PMOS Length of M12:

To ensure that the PMOS devices—other than the largest hex inverter—possess
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sufficient sensitivity for proper current control, we analyzed the trend by modifying
the PMOS responsible for detecting the avalanche current. When the PMOS channel
length is increased from the original 180 nm to 2000 nm (brown to blue), the output
V, rises more rapidly. As a result, we can improve the rise time of V.

The purpose of adjusting this parameter is to reduce jitters, which can be
understood as the timing error between when an event is expected to occur and when
it occurs, the smaller this error, the better. In our simulation, V., represents the
breakdown signal, while the other two waveforms correspond to different PMOS
channel lengths as described above. From these results, we can conclude that
increasing the PMOS channel length leads to a higher Ry (on), making the AQC more
sensitive to the SPAD current. As a result, a smaller current is sufficient to trigger the
quenching action, which shortens the rise time and consequently reduces jitter. This

improvement enhances the timing resolution and yields more accurate event detection.

|~ P1:1n.0.5
P2:1.49n,490m
& 486p,9.86m 5:-20.3m

0.6

0.4

nnnnnnn

0.2

Fig. 7 The sensitivity of PMOS M12
4.2 PCB Measurement Results
From Fig. 8 and Fig. 9, it can be observed that the IC component (MC74AC14:
Hex Inverter Schmitt Trigger) exhibits excessively long fall time and rise time. As a
result, the measurement method described in the previous section is unable to
accurately capture the actual dead time of the circuit, and the true waveform

characteristics cannot be clearly observed. This issue indicates that more suitable IC
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components must be selected to properly resolve the problem. Fig. 10 is the PCB

layout design of the circuit

Fig. 10 PCB layout of AQC



5. Conclusion

This work presents the design and validation of an external active quenching circuit (AQC)
for SPAD-based single-photon detection. After reviewing key performance metrics such as
PDE, DCR, dead time, and afterpulsing, as well as the limitations of passive and active
quenching schemes, an improved AQC architecture is implemented featuring a low-latency
comparator and a fast recovery path. The proposed design is evaluated through circuit-level

simulations and PCB-based measurements. R ;5(on)

Simulation results confirm that the AQC significantly reduces recovery time and provides
a stable buffered output suitable for system integration. Compared with passive quenching,
architecture offers better efficiency and tunability, making it promising for applications such
as 3D imaging and quantum communication. However, measurement results were affected by
the large Rys(on) of the selected PMOS and the intrinsic delay of the IC components, which

reduced avalanche detection sensitivity and impacted the observed circuit behavior.

Reality IC: Simulation:
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Fig. 11 Actual vs. Simulated PMOS R ;5(on)

The measured R;g(opn) of the purchased PMOS is significantly larger than the value
assumed in simulation, requiring the breakdown pulse to be amplified to about 0.01 A for
proper circuit response—roughly two orders of magnitude greater than a real SPAD avalanche
current. This discrepancy indicates the need for further refinement. Future improvements
include selecting IC components with more appropriate R s(on), addressing issues such as
delay, waveform distortion, and biasing, and potentially reducing circuit area or adding features
such as adjustable hold-off control. Developing a more accurate SPAD equivalent model and

extending the design to multi-channel or array architectures would also enhance system
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scalability. Overall, the results confirm the feasibility of the improved AQC and provide a

practical reference for advancing SPAD detector performance.
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Fig. 12 Actual PMOS with Larger Drain—Source Resistance
6. Reference
[1] 3F % =, "Single-Photon Avalanche Diode Controlled by Active Quenching Circuit" 3
AP RS 4 iE k5, 2011

7. Review and Reflection

AT AR VIR OEREY o AP - B R E ;Fffgq:gi )y IH W grs/,;\ggﬁg_:’ =g
B s LB AT S B R AR R H %£$iﬁ%%’mﬂmmwm\iﬁ
PUE O FIBMH AR RAFEER - BARL ISP TRANK  REREES G

=N
ﬁ‘??%%iﬁﬁwﬁ’?EW%EEEEQiW%%#Réﬁﬁii°%a’é

L2 R ERGTE A A EFF Y 5 23@%%&{3@;{? SRR e > A
77 %% PCB layout =4 5‘? bR IR o AR RIEARY EH A T AT
FETR AR R > M E TR T L 4 o BB ARRAPE A T e W RE - 72
R~ 2R, R ivid o (ERDE XL AAPLIME I %d
TEERIFRERY o B A SPICE it~ BCEA -G AT E > BLARA 4T

AP REE LR EREY hE c FREEERAEANT
PP B R ¥ AR - X F P AR

NS

% 1 A4F S AL

10



	1. Background
	2. Purpose
	3. Research Methodology
	3.1 Research Framework
	3.2 Design of the Active Quenching Circuit (AQC)
	The active quenching circuit (AQC) architecture adopted in this work is shown in Fig. 1, with a single-photon avalanche diode (SPAD) connected at the lower-right node. The overall circuit can be divided into two major functional blocks: avalanche dete...
	The biasing and load path—provided by ,𝑉-𝑏𝑖𝑎𝑠.​ and the PMOS transistor at the upper-right—keeps the SPAD operating in Geiger mode and supports fast recovery in coordination with the detection circuitry. Finally, the output buffer converts the in...
	3.3 Simulation Setup
	3.4 PCB Implementation and Experimental Measurements

	4. Results
	4.1 Tuning some parameters
	4.2 PCB Measurement Results

	5.  Conclusion
	6.   Reference
	7.   Review and Reflection

