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SiPM-based Photon Counting Receiver

for IoT Applications
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Abstract—Silicon Photomultipliers (SiPMs) are photon-
counting detectors with great potential to improve the sensitivity
of optical receivers. Recent studies of SiPMs in communication
focus on the speed rather than the power consumption of the
receiver. The gain bandwidth product (GBP) of the amplifiers in
these post-SiPM readout circuits is significantly higher than the
target data rate. Additionally, the SiPM experiments for optical
communication are performed using an offline method which
uses instruments including oscilloscopes and personal computers
to process chunks of the transmitted data. In this work, we
have developed an embedded real-time field-programmable gate
array (FPGA) based system to evaluate a commercially available
1 mm2 SiPM. The implemented real-time system achieves data
rates from 10 kbps to 1 Mbps with a bit error rate (BER) below
10−3 approaching the Poisson limit. Results showed that reducing
either the dark count rate or increasing the data rate leads to
lower dark counts per bit time, hence less power penalty to
maintain a probability of error (PE) of 10−3. The numerically
simulated results indicated that to maintain the Poisson limit, the
minimum GBP of the amplifier in the post-SiPM readout circuit
is 120 MHz based on the proposed setup within the tested data
rates. This GBP limitation is determined by the noise floor of the
read-out circuit. The analysis of the minimum GBP and electrical
power consumption of the receiver in photon counting and BER
enables the potential future adoption of this receiver technology
when high optical sensitivity is required, such as visible light
communications (VLC) for low data rate Internet of Things (IoT)
applications.

Index Terms—Silicon photomultipliers (SiPMs), optical com-
munication, photon counting, bit error rate (BER), real-time
systems, Internet of Things (IoT).

I. INTRODUCTION

THE demand for a wider communication spectrum has
prompted the development of optical wireless commu-

nication, which could utilize the unlicensed spectrum in the
communication link [1]. The ideal optical receiver for com-
munication devices should have high sensitivity, low power
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consumption and cost, which could be reduced by integrating
the electronic circuit in application specific integrated circuits
(ASICs) or field programmable gate arrays (FPGAs). The most
popular photon detectors in optical receivers are PIN photodi-
ode [2] [3] and avalanche photodiode (APD) [4]. Typically,
the noise equivalent power (NEP) of a PIN photodiode is
restricted to the other components in the receiver, including
the trans-impedance amplifier (TIA). In contrast to the PIN
photodiode, an APD provides an internal gain that is closer to
the photodetection stage. However, the gain-dependent excess
noise increases the NEP more than the PIN photodiode. A
solution to minimize this noise is operating the APD in
the photon-counting mode above its breakdown voltage, and
alongside a quenching resistor as a single-photon avalanche
diode (SPAD) [5], [6]. However, the SPAD requires a recovery
time, typically a few tens of nanoseconds, to quench the self-
sustained avalanche current triggered by a photon detection
event within its avalanche region of the p-n junction. Once a
photon is absorbed within this region, the impact ionization
will generate the avalanche photo-current, which leads to a
voltage drop and subsequent quenching of the photo-current.
The challenge created by the recovery times is the non-linear
response of the output events when receiving a large number
of photons in a short time. One method to reduce the recovery
time is implementing an array of SPADs in parallel, known
as silicon photomultipliers (SiPMs) or multiple pixel photon
counters (MPPCs) [7]. This type of SPAD array has been
explored in a wide range of applications, including time-of-
flight positron emission tomography (TOF-PET) [8], visible
light communication (VLC) [9]–[13], light fidelity (LiFi) [14],
[15] and light detection and ranging (LIDAR) [16], [17].
In recent years, complementary metal-oxide-semiconductor
(CMOS) SPAD arrays for optical receivers were investigated
[18], [19]. Additionally, the advantages of passive quenched
MPPC were demonstrated through theoretical analysis [20].
Furthermore, research proved that using SiPM as a detector
in the receiver will be more sensitive than the optoelectronic
integrated circuit containing an APD at 1 Gbps with 10−3 bit
error rate (BER) [10] [21].

Although recent developments in optical communication
have prioritized enhancing the data rate, there is still a need
to investigate the SiPM-based receiver in high sensitivity and
low-speed performance, particularly for devices such as those
used in the Internet of Things (IoT) [22]. Recently, most of
the experimental tests carried out on SiPM technology used in
optical communication have employed offline data processing,
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which uses arbitrary waveform generators (AWGs) and high-
bandwidth oscilloscopes to simulate a physical communication
link. In the offline method, a pre-generated data set is transmit-
ted via the link using an AWG, and the output of the SiPM is
captured using the high bandwidth and sampling rate oscillo-
scope, which is later transferred to the personal computer (PC)
for processing and calculating the BER. This offline method
does not consider the effect of electronic circuits within a
real-world transceiver. Also, the high bandwidth instruments
used in SiPM experiments for optical communication are
not realistic for evaluating real-world use cases for such
devices, especially in terms of power consumption of the
electronic circuitry. Furthermore, the offline data processing
method involves a series of sequential steps, which can be
time-consuming when attempting to achieve a BER smaller
than 10−4 due to a large amount of data that needs to be
captured and processed. In optical communication systems, a
BER limit of 3.8 × 10−3 is commonly used to evaluate the
performance since it is possible to enhance this limit to 10−15

by implementing a forward error correction (FEC) code with
a 7% overhead [23]. However, some applications, including
the body-area networks [24] that prioritize low latency, high
reliability, and low design complexity, may choose not to use
FEC.

Implementing a photon-counting receiver based on the
SiPM presents several challenges. Primarily, selecting suitable
amplifiers must be undertaken at the early stages of imple-
mentation. To increase the SiPM’s weak signal to a detectable
level for subsequent processing, it is essential to determine the
appropriate levels of gain and bandwidth that the post-readout
circuit is working with. The relationship between the ampli-
fier’s gain and bandwidth is defined by the gain-bandwidth
product (GBP), which is a parameter that characterizes the
amplifier’s capacity to deliver amplification across a spectrum
of required frequencies. Previous studies [10, 11, 12, 26, 27]
used large GBP amplifiers to increase the signal amplitude,
sometimes without considering the minimum required GBP for
the post-readout circuit. In addition, some systems may require
a comparator based on specific modulation schemes, including
on-off keying (OOK). For these systems, selecting the optimal
threshold and hysteresis of the comparator is essential for
signal noise mitigation and accurate digital pulse conversion.

Another challenge emerges when implementing the digital
circuit for photon counting and accumulation. Unlike a typical
circuit that can rely on synchronous clocks for receiving pulses
and achieving continuous data reception, using high-frequency
clock synchronization in a low data rate receiver is inefficient.
Consequently, an alternative approach is needed to realize the
real-time implementation of the SiPM-based photon-counting
receiver.

In this paper, we investigated the feasibility of implementing
a SiPM-based real-time receiver for IoT devices in optical
communication. The effect of the electronic circuits, especially
noise and digital circuits timing, was analyzed in system-
level integration. The paper is organized as follows. Section
II introduces the SiPM readout methods and previous results.
Section III provides the SiPM operation background and char-
acterization result. Section IV contains the experimental BER

and power consumption results for the real-time SiPM-based
optical receiver. The effect of the GBP in the receiver circuit
and numerical simulation result was described in Section V.
The result discussion and future works were provided in
Section VI. Finally, section VII concludes this paper.

II. SIPM READOUT METHODS AND PREVIOUS RESULTS

In order to obtain the number of detected photons, a resistor
is added to the anode or cathode of the SiPM to convert
the total avalanche current into a measurable voltage. Hence
the SiPM’s output is represented by an analog pulse. Since
SiPMs do not have a built-in photon counter, two multi-
photon readout methods were developed to count SiPM pulses:
voltage thresholding and summation output [25]. The voltage
thresholding method is achieved by counting pulses above
the voltage threshold. In contrast, the summation method is
achieved by sums of the pulses and has a higher dynamic
range than the voltage thresholding method [25].

Recently, to achieve higher data rates, the summation output
method has been evaluated with a larger array of SiPMs. For
example, a commercially available 3.07× 3.07mm2 SiPM has
been used to achieve OOK data rates up to 2 Gbps at BER of
10−3 with a sensitivity of -29 dBm by using decision feedback
equalisation (DFE) [10]. Another experimental result shows
the data rate was improved to 5 Gbps with the orthogonal
frequency division multiplexing (OFDM) method at 9 µW ,
which is equivalent to -20.5 dBm [12]. Apart from the VLC
application, the scenario of underwater wireless optical com-
munication (UWOC) has also been investigated. Recent work
in this field showed that by applying the summation readout
method with DFE, the data rate could reach 1 Gbps [26],
which is higher than the 7.9 Mbps by applying the photon
counting. An additional study showed the potential of using
SiPMs through the implementation of a 6x3 multiple-input
and multiple-output (MIMO) scheme, which utilized single
photon counting to achieve a data rate of 1 Mbps over an
underwater link [27]. More recent research demonstrates the
potential of using CMOS low-power consumption circuits [28]
and satellite-based optical communication [29].

The previous literature showed that the summation method
with DFE has the advantage of a higher OOK data rate [10],
[12], [26]. However, at data rates when the pulses are count-
able and the output pulses do not overlap, the thresholding
method for single photon counting is still necessary, especially
in scenarios where the incident optical power of the receiver
is extremely low. In addition, the data rate cannot be reduced
flexibly, hence operating at a specific data rate that is expected
to be twice the recovery time in OOK [18].

III. SIPM CHARACTERISATION

A. SiPM Background

In this work, the detector is a commercially available 1mm2

C-Series SiPM from On Semiconductor [30]. The technical
parameters for the SiPM are listed in Table I.

When a photon is absorbed by the junction, the photo-
current generated by the avalanche event flows through a load
resistor to convert the total avalanche photo-current into a
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TABLE I
SUMMARY OF KEY PARAMETERS OF THE SIPM

Parameters Value

Area 1 mm2

Microcell Size 10 µm
Number of SPADs 2880
Typical Break down Voltage 24.5 V
Typical Dark Count Rate 30 kHz
Fill Factor 28%
Peak Wavelength 420 nm

measurable voltage. After the amplification, this voltage is
an analog pulse, which represents the received photon count.
The incident photon energy is characterized by the wavelength
of the light source and is calculated using Planck’s equation
[31]. Due to the quantum efficiency of silicon, only a certain
percentage of the incident photons are detected and converted
into analog pulses. This is usually described with photon
detection efficiency (PDE) and is defined as [32]:

PDE (λ, V ) = η (λ)× ε (V )× F (1)

Where η (λ) is the quantum efficiency of the p-n junction at
a given wavelength, F is the fill factor of the SiPM, and ε (V )
is the avalanche initiation probability, which is a function of
the applied bias V. As the PDE already accounts for the fill
factor detailed in Table I, it is essential to calibrate the PDE at
the specified wavelength with the datasheet to guarantee that
the detector receives the correct number of detected photons.
Then, the detected photon count is written as:

λs =
Etotal

Ephoton
× PDE (λ, V ) (2)

Where Etotal is the total energy of the SiPM receiving
optical power during a bit time and Ephoton is the energy for a
single photon. After considering the PDE, the detected photons
are related to the incident photons, reflecting the power or
irradiance needed by the SiPM. Since SiPM detects single
photons, its photon statistics are based on Poisson (shot noise)
statistics. The limit defined by photon statistics is known as
the quantum limit, and it is also referred to as the Poisson
limit since the Poisson statistic is typically employed in photon
counting scenarios.

When a random bit sequence is transmitted, the probability
of error (PE) is estimated using the following equation [33]:

PE =
1

2
×

nT∑
k=0

(λs + λb)
k

k!
e−(λs+λb)

+
1

2
×

∞∑
k=nT

(λb)
k

k!
e−(λb)

(3)

Where λs is the number of detected signal photons per bit
time and λb is the number of detected background photons per
bit time, which is calculated from (2). k is the counter of the
photon event. The detected background photons are counted
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Fig. 1. Measuring the minimum digital pulse width which could be detected
by the PMOD connector using a loop-back test. (a) experimental setup (b)
the minimum pulse width of the detected pulse without error.

when 0s are transmitted. However, when 1s are transmitted,
the detected photon count includes both signal and background
photons. The detected background photons include dark counts
of the SiPM and light leakage in the measurement setup. The
nT is an integer decision threshold to determine 0s and 1s,
and it is always selected to achieve the best PE. Based on
(3), a PE of 10−3 can be achieved by an average of 6.2
detected photons if there is no background photon. When
the background photons are presented, more λs is required to
maintain the PE of 10−3, hence, a power penalty is considered.
Once the practical BER of 10−3 is achieved, FEC could be
used to further improve the BER [34].

B. Experimental Configuration

To demonstrate the real-time optical receiver with SiPM,
an AMD/Xilinx PYNQ-Z1 evaluation board with Zynq-7000
SoC XC7Z020-1CLG400C FPGA was chosen as the platform
to characterize SiPM output pulses. Considering the peripheral
connection between SiPM output and FPGA board, the pe-
ripheral module (PMOD) interface provided by the board was
used [35]. The PMOD interface was developed by Digilent
Inc. for the low frequency, low I/O peripheral connections.
The expected bandwidth of the PMOD interface is tens of
megahertz. Since the digital signal characteristics are not
specified, the maximum speed for digital SiPM pulse detection
was evaluated.

Fig. 1(a) shows the experimental setup for measuring the
minimum digital pulse width, which could be detected by
the PMOD connector using a loop-back test. Prior to the
test, a fixed 001001 pattern signal was generated using the
FPGA’s internal phase lock loop (PLL). This signal was then
connected through the PMOD connector and calibrated on
a 600 MHz 10 GS/s LeCroy 64MXi-A oscilloscope. Dur-
ing the loop-back test, the wire connection between PMOD
connectors was as short as possible to ensure the best signal
integrity performance. The PC received the pulse counts in
every 1 second through the universal asynchronous receiver-
transmitter (UART) in real-time. As the clock frequency of
the generated pattern increased, the average full width half
maximum (FWHM) of each pulse within the 001001 patterns
was measured during a 10 ms waveform capture.

Fig. 1(b) shows the missed pulse counts during the pulse
width changes. It could be observed that the minimum pulse
width of the PMOD connector detected without error is
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Fig. 2. Experimental setup for characterization of standard and fast outputs
of the SiPM.

approximately 5 ns. In this condition, the pulse amplitude
was tested at approximately 3.3 V, which meets the low volt-
age complementary metal-oxide-semiconductor (LVCMOS)
3.3 V and low voltage transistor-transistor logic (LVTTL)
3.3 V standards. Therefore, the expected SiPM pulse width
to demonstrate the real-time receiver should be longer than
5 ns.

The offline experimental setup shown in Fig. 2 was then
built to characterize the SiPM output before the implementa-
tion of the real-time setup. The transmitter consists of a Tenma
DC power supply, which powers a TI voltage buffer BUF634
to drive a 626 nm light-emitting diode (LED). The optical
intensity is controlled by the bias voltage of the direct current
(DC) power supply.

On the receiver side, since the receiving light intensity of
SiPM needed to be accurately measured, an integrating sphere
Thorlabs IS200-4 was used to generate equal photon flux
among the LED, MicroFC-10010 SiPM, and optical power
meter. As the LED light enters the integrating sphere, it
experiences numerous diffusions and reflections, ultimately
achieving an even distribution over the entire inner surface of
the sphere. To reduce the light intensity reaching the SiPM,
a Thorlabs neutral density (ND) filter with an optical density
of 20 is used. This attenuation in intensity allows the SiPM
to work within its linear response range and enhances the
measurement precision. The SiPM output signal was then
amplified by two Mini-Circuit amplifier blocks: ZX60-43-s+
and ZFL-1000+. The average gain and maximum bandwidth
of ZX60-43-s+ is 18.6 dB and 4 GHz, and ZFL-1000+ is
17 dB and 1 GHz. After the amplification, the SiPM output
pulse was captured by the LeCroy oscilloscope. The internal
memory of the oscilloscope allowed a maximum of 10 ms
waveform capture each time. When the PC remotely captures
and saves sufficient waveform data from the oscilloscope, the
PC analyses the data samples.

C. SiPM Pluses Characterization

The traditional SiPM readout depends on the resistor be-
tween the anode and cathode, referred to as the standard
output. In addition to the resistor, a capacitor coupling the
output of each microcell was developed to obtain a shorter
pulse, referred to as the fast output. The standard output
is commonly available in all commercial SiPMs, rather the
fast output has been identified only for on-semi SiPMs after
comparing the fast and standard outputs of SiPM 10010.

(a) (b)

Fig. 3. Histogram of 1000 captured output voltage pulses of the SiPM (a)
fast output with average FWHM of approximately 1 ns. (b) standard output
pulses with an average FWHM of approximately 8 ns.

In order to make the post-readout circuit applicable to the
majority of commercially available SiPMs, the paper primarily
aimed to evaluate the standard output. Based on the setup
in Fig. 2, the pulse capture and statistic were performed to
evaluate whether both outputs were compatible with PMOD
connectors.

Fig. 3 shows the offline processed pulse shape of a single
SiPM output pulse for fast and standard outputs, with 1000
accumulated pulses displayed in the colored histogram. In
Fig. 3(a), it was observed that the amplitude of the fast output
pulse was around 50 mV when the SiPM was biased at 27.5 V.
The amplitude of the standard output pulse was approximately
40 mV, which was lower than the fast output pulse, shown in
Fig. 3(b). The FWHM of the fast output pulse was shorter
than the standard output pulse, 1 ns versus 8 ns, which means
the bandwidth of the PMOD connector is insufficient to read
out the fast output pulses. In this case, the standard output was
chosen to perform the real-time connection to FPGA hardware.
Moreover, the standard output is more commonly available
in commercial SiPMs after comparing the fast and standard
outputs of SiPM 10010.

To convert the analog pulse of the standard output to a read-
able digital pulse, a robust thresholding method was developed
based on the behavior of the electronic op-amp comparator
with hysteresis. In a comparator circuit, hysteresis is applied
by using positive feedback to add a control voltage between the
upper and lower threshold voltages. This hysteresis minimizes
the electronic noise and improves decision accuracy. Although
the offline hysteresis was done to determine the dynamic range
and maximum photon count rate before the real-time system,
the hysteresis of the real-time system needs to determine again
due to the new configuration, which has a different noise floor
and pulse amplitude. Hence, the hysteresis was applied in both
offline and real-time processing.

Fig. 4 illustrates the offline processed analog-to-digital
conversion (ADC) with a single pulse waveform captured
by the oscilloscope with 1 GS/s sampling rate. From this
figure, the pulse’s falling edge has a long tail with a relatively
large noise compared with the pulse amplitude. Under this
circumstance, the wrong decision would happen if threshold
voltage Vth was lower than the noise amplitude. To develop a
robust thresholding method, a 5 mV hysteresis voltage Vhyst

was added based on the amplitude of DC noise shown in
Fig. 3(b). When the pulse sample amplitude is detected higher
than Vthu, the next series of samples will be converted to a
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Fig. 4. The principle of SiPM’s analog to digital pulse conversion by using
the hysteresis method. Vth is the threshold voltage.

digital 1s until the subsequent samples are detected lower than
Vthl.

D. Dynamic Range of Offline Setup

To find the suitable threshold voltage Vth, a threshold
sweeping was performed with a step of 1 mV. Fig. 5(a)
shows the counting result of the sweeping threshold voltage
under different SiPM received optical power. As expected, the
detected photon count per second increased with the increasing
optical power. Additionally, at higher thresholds, independent
counting was observed when the Vhyst range was above the
electrical noise floor but below the pulse amplitude. If the
Vhyst is increased to be higher than the maximum pulse
amplitude, the pulse count will be lost. Hence, a Vth of 18 mV
was chosen for all optical power measurements.

The detected photon count event per second at different op-
tical power after employing threshold voltage Vth was shown
in Fig. 5(b). In this figure, the linear theoretical response was
calculated from (2) when the calibrated effectively PDE of
3.6% was applied. It was observed that when the optical power
was lower, the dark count played a primary role in the detected
photon count, which was at 30 kcps. When the incident power
increases, the detected photon count response is close to linear
hence approaching the Poisson limit. As the incident optical
power is increased, the detected photon count deviates from
the theoretical incident photon count. This is because the bit
time required for a 1 Mbps data rate is much longer than the
pulse width of SiPM. As a result, the observed non-linearity is
caused by the effects of overlapping output pulses, instead of
the conventional cause of intersymbol interference (ISI) [36].

In the presence of non-linear output, the results show a
relatively constant detected photon count, which is due to
the coupling of the SiPM output pulse to the analog signal
chain. The inset in Fig. 5(b) shows the waveform difference
between alternating coupling (AC) and direct coupling (DC)
SiPM output captured from the oscilloscope. Regarding DC,
the voltage thresholding method was not sustained due to the
increasing offset of the pulse waveform when the detected
photon counts are higher, resulting in a slight increase in
detected photon count. In contrast, the output of AC oscillates
around 0 V, hence a constant detected photon count. Since
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Fig. 5. The noise floor and dynamic range measurement of offline setup.
(a) The output detected photon count when the threshold voltage Vth varies
from 6 mV to 29 mV. The detected dark count is approximately 30 kcps when
the Vth was configured as 18 mV. (b) The detected photon count event as
a function of incident optical power compared with the expected theoretical
linear response using the selected Vth = 18 mV . The inset plot shows
the difference between DC and AC coupled SiPM output under -43.4 dBm
incident optical power when the SiPM was saturated.

the amplifiers in the signal chain are AC, a constant detected
photon count event is expected.

IV. EXPERIMENTAL BER MEASUREMENT

A. Setup

Fig. 6 shows the recently developed experimental setup
utilized to investigate the real-time detected photon count for
varying incident light intensities and their corresponding BER
[37]. The digital parts of the system were developed based
on the FPGA board, including clock generation, a pseudo-
random bit stream (PRBS) generator based on linear feedback
shift register (LFSR), an exclusive-OR (XOR) gate comparison
block, counters to count errors and detected photons, and a
UART interface sending the counter data to a PC. To achieve
reasonable signal integrity, a differential transmission was
employed to connect the LED to the FPGA board.

The transmitter (Tx) printed circuit board (PCB) included
a DS90LV011A low-voltage differential signaling (LVDS)
differential line driver, a DS90LV012A LVDS differential
line receiver, and a voltage buffer to drive the LED. The
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Fig. 6. The real-time experimental setup for SiPM’s BER test.

receiver (Rx) part, considering the low amplitude of the SiPM
pulse, used three amplifier blocks, including one Mini-Circuits
ZFL-1000+ and two Mini-Circuits ZX60-43-S+, which were
connected in series to amplify the SiPM pulse amplitude to
approximately 400 mV. After the amplification, a TLV3501
comparator with a 4.5 ns response time designed on the
Rx PCB was used to convert the analog SiPM pulse to a
readable digital pulse by FPGA. The threshold voltage Vth

for the comparator in the real-time setup needs to be selected
again when there are modifications to the system since it is
determined by the level of noise. In the real-time system,
The increase in noise floor caused by the introduction of an
additional ZX60-43-S+ component means that the previously
chosen value of 18 mV for Vth in offline processing is
unsuitable and must be updated.

To maintain a low power consumption, an asynchronous
SiPM pulses counter was implemented in the FPGA. This
asynchronous counter was triggered by the rising edge of the
random pulses from the SiPM so that it did not require a high-
frequency clock for sampling the input pulses. However, the
decision of bit 0s and bit 1s for each time slot is still required
to be made by selected digital threshold nT . To achieve
uninterrupted real-time counting, two inter-leaved counters
were implemented. When the digital pulses during one bit
time arrived at the FPGA, only one counter received and
counted the pulse at any time. Then, the other counter would
save the counting result to the full photon counter for the
accumulation of whole bit counting information to calculate
the BER. When the counting information was saved, the
counter would be reset and wait for pulses for the next bit.
Therefore, continuous pulse counting for each bit without any
dead time was achieved.

B. Dynamic Range of Real-time Setup

Before the BER measurement, the analog threshold voltage
Vth of the comparator was swept to find the region where
counts were independent of the Vth. From Fig. 7(a), the
real-time dark counts remain 30 kcps when the threshold is
swept from 0.1 V to 0.3 V. These output counts matched the
typical dark counts from the SiPM’s datasheet. When the SiPM
incident optical power was high, the counting results also
increased and maintained the real detecting photons. Based on
this observation, the analog threshold voltage was configured
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Fig. 7. The noise floor and dynamic range measurement of real-time setup.
(a) The output detected photon count when the comparator’s threshold voltage
varies from 0 V to 0.42 V (b) The comparison of dynamic range between
offline setup and real-time setup.

as 0.2 V. This is higher than offline processing Vth due to the
addition of the third amplifier.

Fig. 7(b) presents a comparison of the dynamic range
measurement between the offline setup and the real-time setup.
The dark count was measured at 28 kcps and 35 kcps for the
offline and real-time setups, respectively, which is consistent
with the typical value of 30 kcps specified in the datasheet.
Although the linear region of the two measurements matches
well at higher incident optical power, the detected photon
count event is lower for the real-time setup than the offline
setup when the SiPM becomes saturated. This is due to the
bandwidth limitation of the comparator and PMOD connector,
which were not included in the offline setup compared to the
oscilloscope channel bandwidth of 600 MHz. The measure-
ment of SiPM output on an oscilloscope in the offline setup
enables debugging and characterization, and while this is an
intermediate step, it represents a transitional phase toward the
final objective of real-time implementation.

C. BER Result

Based on the selected threshold, we chose the data rate of
100 kbps for the BER evaluation first. The BER performance
was investigated by choosing six optical power intensities to
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TABLE II
THE POWER CONSUMPTION OF RECEIVER COMPONENT

Name of the
receiver component

Quantity Supply voltage Test condition Measured current Power consumption

SiPM 10010 1 27.5 V

Optical power 0.85 pW
@10 kbps, 10−3 BER

8.06 nA 0.22 µW

Optical power 4.98 pW
@100 kbps, 10−3 BER

46.56 nA 1.28 µW

Optical power 31.78 pW
@1 Mbps, 10−3 BER

291.08 nA 8.06 µW

Amplifier ZX60-43+ 2 5 V
SiPM under incident light

87 mA 0.87 W

Amplifier ZFL1000+ 1 15 V 74 mA 1.11 W

Comparator TLV 3501 1 ± 3.3 V 3 mA 19.8 mW

FPGA Zynq 7000 1 12 V

Impelmentation of
transmitter

154 mA 1.848 W

Impelmentation of
transmitter and receiver

157 mA 1.884 W

cover a range of BER between 10−1 to 10−6. Fig. 8(a) shows
the bathtub curves of the digital threshold nT for each bit
versus the BER result, which is expected as (3). The best
BER performance was then chosen to plot for each optical
power. Based on this step, the BER performance of the data
rate from 10 kbps to 1 Mbps was investigated in Fig. 8(b).
The maximum data rate of 1 Mbps under 2.45 × 10−3 BER
was achieved at -74.98 dBm with an average of 7.89 detected
photons per bit, which has a 2.45% difference from the Poisson
limit for detected photons.

When the optical power level is below -70 dBm, the detected
photon count is determined by the incident optical power. At
a level of -70 dBm, the SiPM reaches its maximum count
rate, enabling it to achieve a data rate of 1 Mbps. However,
if the incident optical power exceeds -70 dBm, as illustrated
in Fig. 7(b), the pulses begin to overlap, resulting in missed
photon counts, leading to poor BER performance. Since the bit
time for a data rate of 1 Mbps is 1 us, which is approximately
30 times larger than the SiPM’s recovery time, therefore the
chance of non-linearity for the ISI is negligible compared with
the pulse overlap at increased incident optical power.

The outer figure in Fig. 9 shows the detected photon count
per bit λs penalty at PE of 10−3 from equation (3). From the
figure, the PE is computed for a receiver with an adaptive
decision threshold, and a PE of 10−3 can be achieved by
an average of 6.2 detected photons if there is no detected
background photon. It is noticeable that when the background
noise increases, the average signal detected photon count
needed to sustain the BER also increases, resulting in an
increase in power penalty. The inner figure shows the optical
power required for different dark count rates under the data
rate below 1 Mbps. The optical power is calculated based on
the detected photon count per bit in the outer figure and the
PDE at 620 nm of C series SiPM. The dark count rate is
calculated as dark count per second. If the dark count rate is
decreased while keeping the data rate constant, the number of
dark counts per bit time is reduced. Consequently, it leads to
a lower power penalty required to maintain a PE of 10−3 until

the optical power reaches 6.2 detected photons per bit time.
However, if the data rate is decreased while keeping the dark
count rate constant, the receiver becomes more sensitive, but
the power penalty increases as the data rate falls because of
higher λb.

D. Power Consumption

To optimize the real-world performance of the real-time
SiPM-based receiver for IoT applications, the power consump-
tion of its components was measured. Table II presents the
power consumption measurements for the prototyped receiver
under a data rate of up to 1 Mbps. It is observed that the
SiPM’s power consumption increases with an increase in data
rate. This is because the current within the SiPM originates
from electrons excited by the detected photons, maintaining a
proportionate relationship with the incident light. The ability
to achieve a higher data rate depends on detecting more
photons. In the meantime, the measured power consumption
of the evaluation board was considerably higher than that
of the designed circuit due to numerous unused peripheral
interfaces, advanced reduced instruction set computer machine
(ARM) core, and FPGA sources during the board’s power-up
process. To evaluate the power consumption of the designed
receiver circuit, separate measurements were taken for the
Xilinx ZYNQ 7000 FPGA, first with only the transmitter
PRBS generator and then with both the transmitter and re-
ceiver implemented. The difference in these values gives an
estimate of the power consumption of the digital circuit of the
receiver, which is 36 mW. Among the receiver components,
the three amplifiers consume the highest amount of power,
which is approximately 2 W. Therefore, analyzing the power
consumption of the amplifiers should be a focus in sections V
and VI.

V. EFFECT OF GAIN BANDWIDTH PRODUCT

The previous section designed the receiver based on the
ideal setup to investigate the SiPM performance. However,

This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JIOT.2024.3373448

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



IEEE JOURNAL OF, VOL. XX, NO. X, XXXX 8

0 2 4 6 8 10 12 14
Digital threshold

10 8

10 6

10 4

10 2

100
BE

R

-89.30 dBm
-85.52 dBm
-83.03 dBm
-81.96 dBm
-80.46 dBm
-79.02 dBm

(a)

100 90 80 70 60 50
Incident optical power [dBm]

10 6

10 5

10 4

10 3

10 2

10 1

BE
R 10 kbps

20 kbps
50 kbps
100 kbps
200 kbps
500 kbps
1 Mbps

(b)

Fig. 8. The results for the experimental real-time setup (a) The measured BER
result when the digital threshold nT varies from 0 to 15 at 100 kbps. The
dashed line shows the Possion limit result from (3). (b) Experimental BER
versus incident optical power from the data rate 10 kbps to 1 Mbps. The
collection time for achieving a BER below 10−3 is 1 second. For achieving
a BER of 10−4, the collection time is 10 seconds. For achieving BERs of
10−5 and 10−6, the collection times are 100 seconds.

the receiver components often contain amplifier blocks and
lowpass or bandpass hardware filters, which affect the shape
of the SiPM output pulses to the FPGA. To ensure the best
transmission performance of the SiPM pulses, three high
GBP amplifier blocks were used in the real-time experiments.
However, these high-performance amplifiers also increase the
receiver’s power consumption, a disadvantage, especially in
IoT applications. When an amplifier is selected, the factors
such as bandwidth, slew rate and power consumption should
be considered. For a single-pole response voltage feedback
amplifier, the product of the DC gain and the bandwidth is
constant, which has a trade-off with power consumption [38].
In order to minimize the power consumption of the receiver,
the effect of the receiver’s GBP on the BER was investigated.
Since changing the GBP of each amplifier is not practical
due to experimental limitations, the rest of the investigation
uses the numerical simulation based on the offline processing
method in section II. The captured sample waveforms from the
oscilloscope were filtered through a first-order Butterworth low
pass filter (LPF) implemented in software with a bandwidth
below 1 GHz.

Fig. 9. The theoretical detected photon count versus dark count per bit under
a PE of 10−3 computed by (3). The inset plot shows the required theoretical
incident optical power to achieve a PE of 10−3, considering various dark
count rates when data transfer rates are under 1 Mbps. The theoretical incident
optical power was calculated by the theoretical detected photon count and
effective PDE.

Fig. 10 shows the histograms of 1000 captured pulses after
filtering within the various combinations between bandwidth
and gain under a fixed GBP of 500 MHz, 120 MHz and
80 MHz. A minimum threshold Vth of 1 mV (the green line)
was chosen based on the input offset voltage of most com-
mercial comparators from Texas Instruments (TI) and Analog
Devices (ADI). The sweeping threshold method described in
section II was also applied to obtain the detected photon count
event for each GBP configuration. The hysteresis of 25% Vth

was deployed to avoid the electrical noise impact. However,
the hysteresis value could potentially be decreased due to
limitations in bandwidth. With a lower bandwidth, the noise
level experiences a decrease. In the offline measurements using
an oscilloscope, a 5 mV hysteresis voltage was added based
on the amplitude of DC noise shown in Fig. 3(b). However, in
a real-time system, the appropriate hysteresis setting may vary
depending on the noise spectrum in the experimental system,
hence the total noise which impacts the hysteresis decisions.

Since the GBP in the experimental setup was significantly
higher than required, the numerical simulation started from
half of the experimental bandwidth, which is 500 MHz. As
Fig. 10(a)(b)(c) show, increasing amplifier gain leads to a
higher output pulse amplitude, whilst decreasing amplifier
bandwidth causing longer pulse width, thus longer recovery
times. A similar trend is found in the other two selected
GBP simulation results in Fig. 10(d)(e)(f) and Fig. 10(g)(h)(i).
When the minimum Vth of 1 mV was set, the statistical pulse
amplitude in Fig. 10(a)(d)(g) could not reach Vth due to the
relatively low gain configuration, therefore no count events
were recorded. By increasing the gain, Fig. 10(h)(i) approach
the Vth, but the majority counts are lost as most pulses are still
below Vth. In Fig. 10(c)(f), the amplitude of the filtered pulses
is higher than Vth but noisy. It was observed that the very low
bandwidths reduce the amplitude hence an appropriate gain
and bandwidth configuration is required. However, if gain and
bandwidth are more than the required minimum, then as shown
in Fig. 10(e)(b) there is a significantly higher noise margin,
as the amplitude is well above the Vth. Overall, the best case
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 10. The statistical SiPM standard output of 1000 pulse for different gain-bandwidth value combinations under the selected GBP. The green line shows
the minimum comparator threshold Vth, which is 1 mV. (a) Gain=1, BW=500 MHz (b) Gain=10, BW=50 MHz (c) Gain=500, BW=1 MHz (d) Gain=1,
BW=120 MHz (e) Gain=20, BW=6 MHz (f) Gain=120, BW=1 MHz (g) Gain=1, BW=80 MHz (h) Gain=40, BW=2 MHz.(I) Gain=80, BW=1 MHz

of amplified SiPM pulse above the minimum Vth is shown in
the middle of each GBP group.

Fig. 11 shows the incident optical power versus count under
different GBPs. The maximum simulated optical power was
selected by the non-linear region that was found in Fig. 5(b).
In Fig. 11, when the GBP was decreased from 500 MHz
to 120 MHz, a deviation trend emerges between the count
event and the theoretical limits. This deviation trend shows
the effective dynamic range is reduced due to the increasing
pulse width between Fig. 10(b) and Fig. 10(e). In addition,
the minimum Vth of the comparator is unable to count events
when the GBP is lower than 120 MHz, which was explained in
Fig. 10(h). Overall, the minimum GBP to maintain the photon
counting ability at the receiver is approximately 120 MHz.

Fig. 12 presents the simulation result between data rate
versus incident optical power at BER of 1 × 10−3 under
different GBP. The BER was calculated based on the detected
photon events per bit through (3). The theoretical Poisson limit

value calculated from (3) to achieve the maximum data rate
of 1 Mbps at a PE of 1 × 10−3 is approximate -74 dBm,
with 9.32 detected photons per bit when the λb is 0.048.
It is observed that the 120 MHz is the minimum GBP to
maintain the theory BER of 1× 10−3 and is the same as the
minimum GBP that maintains the photon counting ability. In
addition, a higher target data rate requires higher GBP, because
of the increased maximum count rate when the optical power
is higher. However, if the SiPM is saturated, the measured
BER will deviate from the theory PE, which was calculated
from (3).

VI. DISCUSSIONS

A. Further Improvements and Contributions

Considering the bandwidth limitation of the PMOD connec-
tor on the FPGA evaluation board, we focused on the SiPM
standard output to present the SiPM’s dynamic range and
Poisson limited BER performance, as well as the bandwidth
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Fig. 11. The offline processed detected photon count event as a function of
incident optical power compared with the expected theoretical linear response
under the various GBP from 80 MHz to 500 MHz.
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Fig. 12. Optical power versus data rate at fixed target BER of 10−3 for the
various GBP.

limitation on the SiPM readout circuit. We have experimentally
verified that the Poisson limit can be approached at the data
rate between 10 kbps to 1 Mbps when the optical power was
below -74 dBm for the standard output. However, the high
sensitivity of the SiPM was achieved by counting individual
pulses in each bit period, which needs a high GBP analog
readout circuit, hence, a higher power consumption receiver
circuit is required [38]. In order to practically demonstrate this
concept, the power consumption of 35 commercially available
op-amps from TI and ADI was calculated from their respective
data sheets and shown in Fig. 13. According to the simulation
results in Fig. 11, a minimum GBP of 120 MHz is needed to
preserve the photon counting capability while maintaining a
power consumption of 50 mW shown in Fig. 13. This 50 mW
value represents a significant reduction in power consumption
compared to the prototype amplifiers used in real-time setup.

The high GBP requirement of the readout circuit is also
similar to the other photon counting detectors, including pho-
tomultiplier tubes (PMT) [39] and other modulation schemes
such as pulse position modulation (PPM) [40] which is used
in many applications, such as VLC [41] and UWOC [42] due
to its high power efficiency and noise immunity. Based on the
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Fig. 13. Electrical power dissipation versus GBP with typical commercial
Op-amps.

simulation result, the minimum required GBP to maintain the
photon counting ability is 120 MHz,

The obtained results for the standard output of SiPM were
not optimum due to the larger single-photon pulse width
compared with the fast output, leading to a smaller dynamic
range. However, we can estimate that the fast output or other
SiPMs featuring shorter pulse widths increase the maximum
count rates, ultimately leading to higher data rates beyond
1 Mbps. As the use of other series SiPMs with shorter pulse
widths will perform a larger dynamic range and maximum
count rate, ultimately leading to higher data rates. In the future,
to achieve a higher dynamic range and data rates, a higher
bandwidth interface on the FPGA evaluation board is required,
for example, FPGA mezzanine card (FMC). However, the im-
plementation of fast output still requires higher GBP amplifiers
which increase the electrical power consumption even further,
and higher bandwidth FMC connectors increase the overall
complexity and cost, especially for IoT applications.

Moreover, since the current commercially available SiPMs
have a higher PDE in the visible blue-green spectrum, for
example, in UWOC, VLC and Li-Fi applications, it is expected
that a lower optical power is required to achieve the same
BER at a longer wavelength. However, these SiPM are not
yet suitable for near-infrared (NIR) communication, such as
infrared data association (IrDA), which is typically 850 nm.
The NIR SiPMs are expected in the near future due to progress
in SPAD fabrication technology [43], [44]. The theory and
experimental results demonstrated in this work remain valid
for any wavelength range since it is based on the detected
photons.

In comparison with existing research, below are the main
contributions of this work.

1) To the best of our knowledge, this design represents
the first real-time photon counting receiver implementation on
a conventional SiPM and an FPGA, enhancing its potential
for IoT applications compared to previous offline approaches
[10,11,12,26,27].

2) By conducting numerical simulations, this study assessed
the GBP of the post-readout circuit within the SiPM-based op-
tical receiver. This assessment complements previous research
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TABLE III
COMPARATIVE ANALYSIS OF TRANSMITTER POWER CONSUMPTION: THE PROPOSED SYSTEM VS. BLUETOOTH MODULES

Tx module name Data rate Voltage Tx active current

AIROC™ CYW20822-P4TAI040
125 kbps, 500 kbps,

1 Mbps, 2 Mbps
3.3V 1.4 mA to 4 mA

SmartBond™ DA14531 1 Mbps 3V 1.5 mA to 5mA
Laird Connectivity BL651 1 Mbps, 2 Mbps 3V 2.1 mA to 7 mA

MCU + LED
C8051F98x MCU Adjustable 3.3 V 150 µA/MHz

HLMP-EG1A-Z10xx LED 10 kbps to 1 Mbps 1.6 V to 2 V 0.3 mA to 10 mA

findings and offers insights into the circuit’s suitability for
future low-power consumption applications.

3) An FPGA-based customized design is implemented for
photon accumulation. This approach uses a dual-interleaved
counter to ensure uninterrupted photon counting during each
bit, avoiding the dead time compared to the one sequential
counter [45]. Additionally, utilizing an asynchronous detection
mechanism for the counters eliminates the need for a high-
frequency sampling clock, simplifying the design for low-data
rate systems.

4) The proposed SiPM-based receiver approaches the Pois-
son limit in photon detection, achieving a BER of 2.45×10−3

with 7.89 detected photons per bit compared to 7.7 detected
photons based on equation (3). Regarding the incident photons
distance to the Poisson limit, these detected photons indicate
approximately 219 incident photons, a 14.4 dB gap based
on a PDE of 3.6%. Compared with the sensitivity of other
photodetectors, although the APD is proven more sensitive
than PIN PD [46], [47], their sensitivities are a few orders
away from the Poisson limit. In this situation, the SiPM is
potentially more sensitive than the APD if the SiPM operates
at data rates where the bit time is longer than the output
pulse width [48]. Further improvements in avalanche diode
fabrication technology similar to [43] are expected to bring the
incidents closer to the Poisson limit because of improvements
in the PDE.

B. Potential Scenarios for Application Use

In numerous IoT applications, such as smart homes, wear-
able devices, and monitoring systems, there has been a
traditional dependence on radio frequency (RF) technology.
Typically, in RF-based systems, sensor data is transmitted
using Bluetooth Low Energy (BLE), ideal for peer-to-peer
(P2P) connections requiring low data transmission rates over
short distances [49]. When designing a BLE transmitter, it
is essential to consider several factors, such as the antenna
design, signal strength, and the modulation of the 2.4 GHz
baseband.

Compared to the BLE, the proposed SiPM-based receiver
enables an alternative approach in which the low-power sen-
sors use LEDs to transmit slow-changing data like air quality,
temperature, and pressure. This approach is efficient for en-
vironmental, medical, and industrial monitoring. Considering
the requirement of low power consumption and long-term
functionality for multiple sensor transmitters, the design of

the sensor transmitter board can incorporate a low-power
microcontroller unit (MCU) to collect sensor data and transmit
it via an LED, which can be designed to connect to a general
purpose input/output (GPIO) port and include a resistor to
limit the current. Power-saving strategies can also be applied
within the MCU to switch the transmitter to a low-power
mode when it is not actively used. Since the SiPMs-based
receivers may require more power than standard IoT devices,
integrating them into IoT hubs is a strategic choice that
prioritizes enhanced optical sensitivity over electrical power
efficiency concerns.

In the experimental setup illustrated in Fig. 2 and Fig. 6,
considering the LED operating near its forward voltage and
the receiver requiring only low light intensity, an ND20 Filter
is used to attenuate the light intensity of the LED. The
reduced light intensity enables the SiPM to operate in its linear
response range and enhance the measurement accuracy.

Table III shows that the transmitter power consumption
of commercially available BLE modules is higher than that
of an LED-based transmitter. For example, with the MCU
running at 1 MHz, the MCU power usage is at 495 µW.
Considering the 100 times intensity attenuation due to the
ND20 filter, an appropriately sized LED’s current consumption
is approximately 100 µA. Hence, the total power consumption
needed for LED transmitters is around 695 µW, significantly
less than the power consumption of BLE modules, which
ranges from several to tens of milliwatts. However, because
the LED operates near its forward voltage, the effective current
consumption of the LED might be less than 100 times the
attenuated value by the ND20 filter. Also, it is essential to
note that large LEDs may not achieve micro-watt level power
consumption. Conversely, smaller LED dies can achieve lower
power consumption, allowing for power usage at the micro-
watt level [50], [51].

Additionally, the reduced power consumption of LED-based
transmitter benefits from the LED focused light transmission,
in contrast to the omnidirectional transmission of radio waves
antenna in BLE systems, resulting in more significant power
usage. Moreover, with a 2.4 GHz baseband, the trace antenna’s
length is approximately 31 mm. This dimension is larger than
the typical standard 100 µm square LED die, resulting in more
board space occupied.

VII. CONCLUSIONS

In this paper, we have demonstrated a novel real-time SiPM-
based receiver with a low bit rate and high sensitivity, which
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has the potential for low transmitter power consumption. The
work provides the evaluations of the analog chain of the
receiver to show the potential for lower power consumption.
The numerical simulation proves that the required power con-
sumption of the amplifier is approximately 50 mW at 120 MHz
GBP. In addition, to further reduce the complexity and power
consumption in the digital circuit design, the FPGA imple-
mented an asynchronous photon detection method. Finally, the
implementation of interleaved counters in the receiver allows
it to receive streaming data without dead time. This design is
being implemented on an FPGA and conventional SiPM for
the first time to the best of our knowledge, making it more
beneficial for utilizing SiPM in IoT applications than previous
offline approaches.

During the characterizations of SiPM’s standard output,
the average FWHM of pulses was approximately 8 ns. A
voltage thresholding method was developed and implemented
using an op-amp-based comparator with hysteresis to count
the detected photons avoiding the background electrical noise.
The final configured threshold was decided based on sweeping
this threshold voltage in numerical simulation and real-time
hardware. Results show that both offline and real-time voltage
threshold methods approached the theoretical Poisson limit
through the standard output of the SiPM. In addition, the
real-time system demonstrated a BER of 2.45 × 10−3 at
a data rate of 1 Mbps under an incident optical power of
-74.98 dBm, using a 620 nm LED. This result was achieved
with an average of 7.89 detected photons per bit, which has
a 2.45% difference considering the Poisson limit for detected
photons. The detected photons suggest an estimated total of
219 incident photons, indicating a 14.4 dB gap from the
Poisson limit for incident photons, considering a PDE of
3.6%. While this gap might be reduced by using a SiPM with
higher PDE, the difference in the Poisson limit for detected
photons will remain the same regardless of the choice in
SiPM. Moreover, the relationship between the GBP of the
SiPM readout circuit and the target data rate to achieve a
BER of 10−3 was evaluated through numerical simulations
and offline data processing. The simulation results show that
receiver GBP needs at least 120 MHz with a bandwidth of
6 MHz to maintain the counting ability when the comparator
threshold is set to 1 mV. The reason behind the limitation in
the SiPM’s counting ability is the bandwidth restriction below
6 MHz, which leads to a significant increase in the pulse width.
Overall, to maintain photon-counting ability at the receiver, it
is necessary to have a minimum GBP of around 120 MHz
when the gain and bandwidth settings are configured to 20
and 6 MHz, respectively.

To maintain Poisson-limited photon counting capability, the
necessary bandwidth is considerably higher than the target data
rate. In comparison to detectors like photodiodes, bandwidth
is approximately equal to 65% of the data rate in OOK
non-return-to-zero (NRZ) without achieving photon counting
sensitivity [52]. This suggests that attaining enhanced sensi-
tivity nearing the Poisson limit leads to an increase in power
consumption. Such a receiver has the potential to be utilized in
central IoT hubs where electrical power consumption is not a
major priority, however, high optical sensitivity is required due

limited energy of the optical transmitter on IoT client devices,
which transmit sensory information at low data rates. In the
future, further investigation is needed to implement and assess
the proposed use case scenarios.
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