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Abstract—This paper presents a silicon photomultiplier (SiPM)
based sensor with integrated feature extraction module. SiPMs
are used in many applications such as time of flight measure-
ments, fluorescence lifetime estimation, underwater wireless op-
tical communication, quantum computing, high-resolution imag-
ing, and particle physics. In order to facilitate signal processing
such as timing, energy, and periodic events, feature extraction is
integrated with the SiPM readout. The feature extractor consists
of a peak detector, a sign bit generator, an integrator, a pulse
width detector, and a digital output generator. The average power
consumption is 2.12 mW.

Index Terms—Silicon Photomultiplier (SiPM), Feature Extrac-
tion, Sensors, Single Photon Avalanche Diode (SPAD).

I. INTRODUCTION

Silicon photomultipliers (SiPM) are used in applications
such as quantum communication, high-energy physics, and
medical imaging [1], [2]. Multiple parallel single photon
avalanche photodiodes (SPAD), each with its own quenching
resistor, make up a SiPM [3]. The raw SiPM signals must be
converted into informative features by a feature extractor in
order for them to be used in machine learning applications.
The scheme is presented in Fig. 1. The features that have
been extracted include time, amplitude, pulse shape, integral
information, derivative insights, statistical measurements, and
frequency domain components.

These carefully selected features offer a comprehensive
representation for later machine learning techniques by en-
capsulating the various aspects of the SiPM signals. For
example, time information allows for exact temporal analysis
and random nature. Pulse shape characteristics help with event
identification. Amplitude information indicates the energy of
observed events [4]-[8]. Utilizing the information-rich nature
of SiPM signals, these features can be integrated into machine
learning models to improve analytical results and enable
precise event classification, energy calculation, and other data-
driven tasks.

By converting extracted features, such as peaks, derivatives,
integrals, and pulse widths, into structured input vectors for
a machine learning model, the feature extractor for SiPM
signals easily interacts with machine learning. The model
gains knowledge of patterns and correlations in the SiPM
data through training on a labeled dataset, which makes
precise predictions or classifications possible. Through this
integration, the SiPM’s capabilities are improved in a variety
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Fig. 1. SiPM feature extractor scheme.

of applications, such as energy estimation and event classifica-
tion. It also offers a strong framework for automated analysis
and decision-making based on the intrinsic qualities of SiPM
signals.

Many SiPMs’ output signals require processing and syn-
chronous readout. Typically these use external FPGAs or
DSPs [9]. The frameworks implemented include Time to
Digital Converter (TDC), high-speed comparators, and off-
chip resistors [10]-[13]. For digitization purposes, the read-out
circuits can share an ADC between themselves [14]. Machine
learning techniques are also used in SiPM-Based Detection
and Discrimination. ML-based Power Spectral Density (PSD)
approaches have been used in various scintillators and light
sensors to explore the potential effects of this type of pulse
shape discrimination [7].

Feature extraction systems are typically implemented using
software or using digital signal processors and embedded sys-
tems. Integrating the feature extractor blocks on a single chip
reduces the parasitics and increases the speed and throughput
while optimizing size, weight, and power. The objective of
this work is to create an on-chip feature extractor specifically
for SiPMs. This has the potential to be applied in quantum
computing, high-resolution photography, and basic particle
physics research.

In this paper, a feature extraction system suitable for SiPM
based detectors is presented. To the best of our knowledge,
this is the first custom based feature extraction topology that
can be implemented directly with the SiPM on the same chip.
The paper is organized as follows. Section II illustrates the
system design. Section III exhibits the simulation results and
finally section IV draws the conclusion.

II. SYSTEM DESIGN

The system incorporates several sub-systems including the
SiPM module and multiple feature extractor modules. The fea-
ture extractor unit includes a sign bit generator, an integrator,



a peak detector, a pulse width detector, and a digital signal
generator. The overall system is shown in Fig. 2, while the
individual circuit diagrams are shown in Fig. 3. The overall
feature extractor topology is based off of [15].

A. Silicon Photomultiplier

A silicon photomultiplier, is a type of semiconductor pho-
todetector composed of a parallel array of individual single-
photon avalanche diodes (SPADs), each with its own quench-
ing resistor. Due to the array arrangement, multiple photons
can be detected simultaneously compared to a single SPAD
deadtime.

Each SPAD operates in Geiger Mode in reverse breakdown
with a bias applied that is above the breakdown voltage [16].
A Geiger Mode APD (or SPAD) operates in three modes,
quiescent, discharge, and recovery. The diode is in reverse
breakdown when it is in quiescent state. In this mode, it
functions as an open switch. The diode stays in this state
without any current flow unless a photon is absorbed or a
dark event (for example due to thermal noise) occurs. If a
photon is absorbed, electron hole pairs are generated and are
accelerated due to the high electric field. Once activated, the
avalanche mechanism is self sustaining. This means that a
constant current flows through the device endlessly without
quenching. This avalanche process is stopped by the quenching
resistor, placing the device back into the recovery phase. While
the avalanche is occurring and until the avalanche is quenched,
the device cannot respond to any further incoming photons.
This time is known as the deadtime.

The SiPM module is made of four SPADs, each with its own
quenching resistor. More SPADs generally improve sensitivity,
but may increase noise and crosstalk. Fewer SPADs may
reduce sensitivity but can offer benefits in terms of size, cost,
and other performance characteristics.

Fig. 3(a) shows the SPICE model to generate a realistic
SPAD signal for simulations [17]. It consists of three switches,
a voltage source, a resistor, and a capacitor. Vgpap = 7V,
Rspap = 1k2, and C; = 4pF model the breakdown voltage,
quenching resistor, and the junction capacitance respectively.
When there is an incident photon on the system, there is an
impact on the voltage controlled switches, S, and S,. If the
voltage is greater than the breakdown voltage of the SPAD,
there is an avalanche of current flow in the diode. So, there is
a sudden peak in the characteristic curve. After detecting the
incident pulse corresponding to this peak, the system needs to
reset in order to detect the next peak. This action is performed
by the quenching resistor, Rspap.

The SiPM readout is based on a current mitror structure with
two outputs [18]. The two output, fast and slow, mimic the
fast and slow output of commercial analog SiPMs. The output
current from the SiPM is mirrored by a current mirror with two
outputs. The slow output is taken across a resistor, converting
to convert into a voltage. The fast output is filtered through a
high pass RC topology. The capacitor and resistor associated
with this filter leads to faster charging and discharging.

B. Sign Bit Generation

The sign bit from the input signal can be obtained using
the sign of the second derivative. A differentiator extracts the
slope of the input signal. This is then passed through a second
differentiator to determine the change in slope of the input
signal. A comparator finally generates the sign bit of the signal.

Fig. 3(b) shows the differentiator which is based on an
operational amplifier with RC feedback network. This de-
tects the signal peak or maxima. The transistor sizes are

(W/L)p1 = (W/L)p2 = (W/L)ps = 3%, (W/L)p3 =
(W/L)ps = (W/L)ps = (W/L)ps = (W/L)p7 = 3.

The opamp is a standard 5 transistor OTA. The closed loop
gain of this configuration is [19],

Ay = "X, = -2nfCp1Rp (H

where R, and X¢,,, denote the resistance of the feedback
resistor, and the reactance of the input capacitor respectively,
while Cp; represents the input capacitance value, and f
indicates the frequency of the input signal.

Fig. 3(c) shows the designed comparator based on a 5-
transistor Operational Transconductance Amplifier (OTA). The
aspect ratio of the transistors are, (W/L)c1 = (W/L)c2 =
(W/L)es = (W/L)ca = (W/L)os = (W/L)er = 223% and
(W/L)cs = gon-
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Whenever the input signal goes above the reference voltage
VRey, the comparator gives a high signal and vice-versa.

C. Integration

The integral of the SiPM output signal is another feature that
needs to be extracted. This helps to determine the energy of
the incident photons and the signal’s amplitude. As there are
two outputs from the SiPM, of which one is current mode,
the integrator can also be helpful to obtain the total charge
accumulated from the current output.

An op-amp was used to build the integrator in Fig. 3(d). The
aspect ratios of the transistors are (W/L);y = (W/L)2 =
(W/L)is = 48, (W/L)ps = (W/L)ps = (W/L)ps =
(W/L)ps = (W/L)py = % In this case, a capacitor
is employed in the feedback loop to obtain an integrator
response, while a resistor has been used in the inverting input.
A large value resistor has also been employed in the feedback
loop in parallel with the feedback capacitor to obtain better
stability of the structure. Finally, the closed loop gain is [19],

4,= -2 - @)
R 2rfCrRN
where X, and Rjy; denote the reactance of the feedback
capacitor, and the resistance of the input resistor respectively,
while C'r represents the feedback capacitance value, and f
indicates the frequency of the input signal.
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Fig. 2. Feature extractor for a SiPM based sensor consists of a sign bit generator, an integrator, a peak detector, a pulse width detector, and a digital signal

generator.
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Fig. 3. Circuit topologies for individual feature extractor modules (a) SPAD model, (b) Differentiator, (c) Op-amp as a comparator, (d) Integrator, (e) Peak

detector, and (f) Ramp generator.

D. Peak Detection

Fig. 3(e) shows the peak detector, consisting of a 5 transistor
OTA with NMOS driving transistors, a NMOS common source
amplifier with PMOS load, a diode, and a capacitor at the
output terminal [15]. The aspect ratios of the transistors are,

(W/L)p1 = (W/L)ps = (W/L)pr = (W/L)py = 2%,
(W/L)rs = W/Lpe = (W/Lyps = (W/Lpe =
(W/L)ps = 5e0.

The capacitor needs to be discharged each cycle so that it
could store the next information. This discharging process is

operated by an NMOS switch (Mpg), controlled by a RESET
signal.

This peak voltage is then passed though a comparator to
obtain a digital output. Here, the same comparator of Fig.
3(b) is used, which treats the peak voltage above it as high
and vice-versa.

E. Pulse Width Detection

Pulse width corresponding to the SiPM output signal can be
obtained in multiple steps. In the beginning, the SiPM output
will be passed through the comparator to obtain the digitized



output. Then, the rectangular signal output was fed as the input
to the ramp generator. A counter keeps track of the time that
the ramp generator takes to rise. The conversion time can be
written as [20],

te = (“) (2Y)(Tork) 4)
Uref

where v, vrep, N, and Topi denote the input voltage,

reference voltage, number of bits, and time period of the clock

signal respectively.

Fig. 3(f) shows the designed ramp generator, which would
produce ramp signals with respect to its rectangular input,
arriving from the comparator in the preceding block [15]. The
aspect ratio of the transistors are, (W/L)g1 = (W/L)rs =
(W/L)ra = (W/L)rs = (W/L)r1o = 350, (W/L)R2 =
(W/L)rs = (W/L)rz = (W/L)go = (W/L)r11 = 35,
and (W/L)ps = St

An NMOS switch (Mpg) has been employed to discharge
the output capacitor periodically to detect the next cycle,
controlled by a reset signal. This reset signal has also been
designed utilizing a comparator so that it provides zero voltage
output when its input is above the reference level and vice-
versa.

When the comparator input is high, the output is zero. As
a result, the NMOS connected in parallel with the output
capacitor turns off, and the capacitor gets charged and stores
the input. When the comparator input is low, the reset NMOS
turns on, and voltage across the output capacitor is zero, and
it gets ready for storing the input of the next cycle.

The ramp signal will continue to rise while the input is
high. By observing the height and length of the generated
ramp signal, the pulse width of the rectangular input can be
measured.

III. RESULTS

All the simulations were performed in Cadence using a
commercial 180 nm CMOS process. A SiPM output signal
from a spice model has been fed as input to the blocks.

Fig. 4 illustrates multiple figures showing the response to a
common input, which is the SiPM output signal. Fig. 4(a)
is of the SiPM fast output. The pulse signals controlling
the SPADs inside the SiPM, contain different time periods.
Their time periods are set in such a way that they overlap
to reflect different environmental scenarios. As a result, the
SPAD output signal is varied in time and of different pulse
height and width. When there is an incident photon or multiple
photons, the SiPM output pulse responds with varying height
and width.

Fig. 4(b), and Fig. 4(c) show the 1°¢, and 274 derivative of
the SiPM output respectively. Here, Cp1, R, and I;,s are
1pF, 5k, and 10pA respectively. Whenever there is a pulse
in the SiPM output, the differentiator shows a sharp rising
response. Then, it goes into a rest state until the next pulse.
The ripple seen in the derivative output is due to the capacitive
factor, which comes into play from the input capacitor of
the integrator circuit. The differentiation of the SiPM signal

is significant for the timing information of the pulse, edge
detection, pulse shape analysis, and noise reduction purposes.

Fig. 4(d) shows the sign bit, that is the comparator response
after the 2"¢ derivative. The comparator uses a reference
voltage of 600mV. The overall sign bit generation scenario
can be described in the following manner. When there is an
incident of a single photon or multiple photons, the SiPM
responds to that accordingly, varying its pulse height and width
with respect to the number of incident photons. The first and
second derivative respond to this SiPM output. The sign bit is
finally generated after performing thresholding of the second
derivative. In summary, a sign bit is generated whenever there
is a photon incident on the SiPM. This is significant in Time-
to-Digital Conversion (TDC), data compression, improving
sensitivity, and digital signal processing.

Fig. 4(e) shows the integration output of the SiPM signal.
Here, Ry cy: is used as the large value resistor of 100k(2,
to obtain improved stability of the circuit. C'r, Rjyi, and
Iyiqs are valued at 1pF, 10kS2, and 10uA respectively. Charge
accumulation, number of incident photon, and pulse area
parameters are determined by this. This is useful to determine
the energy of the signal.

Fig. 4(f) shows the peak detector output from of the SiPM
signal. A bias voltage, V4;,s of 200 mV has been used here,
while bias current, Ip;,s being 10pA. Then it is passed through
a comparator to provide a digital output, which can be seen
in Fig. 4(g). The reference voltage of the comparator is 700
mV. There are multiple peaks in the SiPM signal and the
comparator has just one reference voltage. As a result, if the
reference is set as the lowest peak voltage, the higher peaks’
thresholding would provide wider pulse. If the reference is
set as the highest peak value, lower peaks would not be
detected by the comparator. The comparator output provides
the time instance of the SiPM output signal peak, while the
peak detector output gives the actual value of the signal
peak. Peak detection is important for Time-of-Flight (ToF)
measurements, threshold setting, time resolution enhancement,
and noise rejection.

Fig. 4(h) shows the comparator output of the SiPM signal,
with respect to a reference voltage of 600 mV. This is also
taken as the digitized output of the SiPM signal. This provides
all the benefits of a digital signal over an analog SiPM signal.
This can be advantageous in quantization, precision, data
storage, and transmission.

The comparator output, illustrated in Fig. 4(h), is followed
by a ramp generator. The ramp generator output is seen in Fig.
4(i). The bias voltage of the ramp generator, Vj;,s has been
set as 1.8 V while the output capacitor, C}qpmp being 20pF.
The ramp generator response changes its height and width
with respect to the input from the comparator. The height and
width of the ramp generator is directly proportional to the
SiPM pulse.

The initial simulations have been verified by post-layout
analysis. It can be seen from the figure that both of the plots are
similar, though there are some deviations in the post-layout.
These are due to parasitic elements present in the layout and



®

Z 06
o 0.4
g 02
S 0
> 0.2
< 1.5 T T T T T T
% ’ 1% Derivative Output
o
)
=01 |
>O I I | I
21 21.5 22 22.5 23 23.5 24
(b)
1S T T T T T T
% ’ 2" Derivative Output ‘
o
<
=1 |
>o 1 { [ |
21 21.5 22 22.5 23 23.5 24
(©
S\ T T - - T T
SHl Sign Bit Output |
3
ENY A e R PR A N Y
G i ! I b | ! \ | J_
> olha 1h [ | Y \ O | U T | i \ A ke b
21 21.5 22 22.5 23 235 24
(@
SHFE T T f - f T T o
< Integration Output
&
3
=1
>
N T T i f T T
< ’ Peak Detector Output ‘
o1 i
=)
§ 0 1 1 1 ] I I
21 21.5 22 22.5 23 235 24
®
- T f f T
2 oL ’ Peak Detector Output after Thresholding ‘ _
) =
<
§ ol \ \ \ | \ | |
21 21.5 22 22.5 23 23.5 24
(€3]
S T T F— - f T T
s Digitized Signal Output ‘ |
2 ! i ) \ \ ‘
Sl | I | ! I :
S I | I
>0 L N |
21 21.5 22 22.5 23 23.5 24
()
N T T ; ; T T
% - Ramp Generator Output b
=)
8 0.5 7 1 /1 ]
© | | 1
> 0 o \ |
21 21.5 22 22.5 23 23.5 24
Time (us)

Fig. 4. Simulated output of the (a) SiPM, (b) differentiator, (c) double derivivative, (d) sign bit (e) integrator, (f) peak detector, (g) thresholding after the
peak detector, (h) digitization, and (i) ramp generator response after the comparator; where solid and dashed lines represent the simulation and post-layout
analysis respectively.



150 2
iVm:SUO mV iVm:GOUmV
_ Vm =700 mV ( —_— Vm =700 mV
vV =950mV L5 ( (=950 mV
=100 = =
s . |
> &
< 51
= 3
& >
“ 50
H 0.5
0 A - 0 j
0 0.5 1 15 2 0.5 0.6 0.7 0.8 0.9 1
Via ) Vi,V
(a) (b)

Fig. 5. Characteristics of the comparators, (a) Gain, and (b) Resolution

the performance can be improved by optimizing the layout.

An op-amp was used for the differentiator, the integrator,
and the comparator. The op-amp has an open loop gain of
51dB, a phase margin of 50°, and a slew rate of 8.9 V/us.

There are three comparators used in the system, to generate
the sign bit, to perform the thresholding of the detected peak,
and to obtain digitized output. They have reference voltages of
950 mV, 700 mV, and 600 mV respectively. The characteristics
of the comparators are shown in Fig. 5. They show gain values
of 134.68, 148.26, and 151.92 respectively. The comparators
have resolution values of 10 mV, 5 mV, and 2 mV respectively.
This is obtained by observing the transition period of the
comparator output around the reference voltage.

IV. CONCLUSION

This paper presented a feature extractor for a SiPM signal
which can be integrated on the same chip with the readout
circuit. The feature extractor has several units including the
differentiator, integrator, peak detector, ramp generator, and
sign bit generator. These features can be used to extract
multiple features such as maxima location and value, total
charge accumulation, signal peak, pulse width, and digitized
output. In association with machine learning techniques, these
can aid in determining the nature particles or communication
protocols. These information can be utilized in various ap-
plications such as medical imaging, particle physics, optical
communication, and fluorescence lifetime estimation. The
average consumed power of the system is 2.12 mW.
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