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Abstract— The process used to detect individual photons in 
passively quenched Silicon Photomultipliers (SiPMs) creates a 
nonlinear response. A model is presented to show this 
nonlinearity is an unavoidable consequence of microcells 
recharging after a detection. However, results are presented 
which show the nonlinearity is increased by the inclusion of an 
anode readout resistor. Removal of this resistor improves 
ambient light performance of communication links by a factor 
of 1.9 under 300 mWm-2 of total 405 nm irradiance. 
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I. INTRODUCTION 

ilicon Photomultipliers (SiPM) are solid-state 
devices, capable of detecting individual photons. 
The structure of the SiPM is made by tiling multiple 

single photon avalanche diodes (SPADs), with quenching 
circuitry to create unit cells, on a common silicon substrate. 
Each unit cell, also known as a microcell, has the ability to 
independently detect single photons. 

The SiPM has found many industrial applications 
including distance measurements in LIDAR, time of flight 
positron emission tomography, lifetime fluorescence 
spectroscopy, as well as applications in detectors for 
astrophysics and high energy physics [1]. 

A recent new application for SiPMs has been as extremely 
sensitive receivers for visible light communication (VLC)    
[2-8]. VLC is actively investigated as a technology which 
could augment or replace or replace existing radio frequency 
(RF) wireless infrastructure. 

Deploying robust links within eye-safe limits is key for 
VLC. At the receiver, the bit error rate (BER) performance of 
an optical link depends on the signal to noise ratio (SNR) and 
the bandwidth of the detector. SiPMs can increase the link 
SNR with a limited transmitter irradiance, through a high gain 
which allows for photon counting. This capability allows for 
achieving sufficiently low BERs at transmitter irradiances 
close to the Poisson limit with on-off keying (OOK) [3]. 
SiPMs also achieve this sensitivity at a sufficiently high 
bandwidth to support gigabit per second communications. 
Prior work has shown that at 1 Gbps and a BER of 10-3, a 
SiPM receiver has a 9 dB higher optical sensitivity than the 
best receiver based upon an avalanche photodiode [3]. 

In recent work, SiPMs have also demonstrated data rates 
up to 3.4 Gbps with OOK [4], however all the research 
presented has been performed on evaluation boards with a 
series readout resistor, which causes detrimental effects to the 
performance of the SiPM. A new device is presented without 

this resistor and is compared to measure any performance 
improvements. 

Despite being extremely sensitive to individual photons, 
the SiPM is inherently nonlinear in its response due to each 
microcell having to recharge after the detection of a photon. 
The associated time with this recharge process eventually 
causes the device to saturate and causes the photon detection 
efficiency and gain to change with optical power. This 
nonlinear response needs to be considered when devising pre- 
and post-equalization methods with OOK, and more 
importantly for the popular modulation scheme orthogonal 
frequency division multiplexing (OFDM). 

OFDM is widely held as a preferred modulation scheme 
for VLC due to its high spectral efficiency, however it 
assumes a linear communications channel [5,9]. Any 
nonlinear characteristics cause harmonics, which is 
particularly a problem for OFDM which assumes each 
channel is linear and independent [5]. 

This paper is organized as follows. A description of SiPMs 
and their characteristics are discussed in Section II, and 
comparison between two SiPM evaluation boards are 
described in section III. Photon detection efficiency (PDE) is 
measured as a function of bias voltage, and hence a microcell 
is simulated in section IV. Data transmission experiments are 
presented in sections V and VI. Finally, section VII contains 
concluding remarks. 

II. DESCRIPTION OF SIPMS AND THEIR CHARACTERISTICS 

Under normal operation the SiPM is biased above the 
breakdown voltage ��� , which is when microcells begin to 
undergo avalanche multiplication. The bias voltage applied to 
the SiPM above the breakdown voltage is referred to as an 
overvoltage (����� = ����� − ���). 

When a photon is detected by a microcell, the SPAD 
undergoes avalanche multiplication, which creates an output 
pulse which can be counted. If the bias voltage over the SPAD 
is kept constant, the avalanche will continue and will be 
unable to detect another photon. 

To reset the SPAD for detection of another photon, the 
avalanche must be arrested, which is typically performed by 
reducing the bias voltage over the SPAD. This is possible 
through either active quenching, which requires additional 
circuitry, or passive quenching, which is typically achieved by 
placing a resistor in series with the SPAD. In this work, only 
passively quenched SiPMs are considered, as the lack of 
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Fig.1. Schematic of On Semiconductor SiPM electrical layout 
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additional circuitry associated with active quenching increases 
the active area of the device, and hence the photon detection 
probability. 

Once current flows through the SPAD and hence the series 
microcell resistor, the bias voltage for that single SPAD is 
decreased below the breakdown voltage, halting the 
avalanche, and allowing the device to recharge. 

Typically, the output of a SiPM is measured through 
circuitry in series with the anode of the device. This output, 
referred to as the slow output, allows measurement of the 
recharging current into the SiPM. 

The SiPM used for this study was an On Semiconductor 
MicroFJ-30020. A unique feature of On Semiconductor’s 
SiPMs is that they have a ‘fast output’. This fast output is 
capacitively coupled to each microcell, giving a common 
analog output. The structure of On Semiconductor’s SiPMs 
are detailed in Fig. 1. The fast output has a much narrower 
pulse width, which is due to capacitor coupled to each 
microcell passing the rapid avalanche process that occurs 
within the microcell on detection of a photon. In the context 
of VLC, for an acceptable bit error rate to be achieved, several 
photons need to be detected for each bit. 

A model has been described in prior work [4], to model 
for output pulse rate �̇: 

�̇  =  
������ � ∙ (� + �����)

1 + �� ∙ (� + �����)
                         (1) 

Where ������ is the number of microcells, � and ����� are 
the incoming irradiance and irradiance required to create the 
device’s characteristic dark counts. The characteristic time � 
is defined as 2.2 times the recharge time of the microcell. 
Finally, � is defined as 

� =
�(����� , �)�SiPM

��(�)������

                                 (2) 

Where �(����� , �) is the PDE of the SiPM at a particular 
overvoltage �����  and wavelength �. �SiPM is the area of the 
device and �� is the photon energy for a given wavelength. 

�����  can be measured by assuming each microcell passes the 

same charge on detection of a photon �����  =  ������̇, and 
using the assumption that each SPAD behaves as a 
capacitor ����� =  ����������  ,  ����� . By operating in the 
saturated region  �� ∙ (� + �����)  >>  1 , equation 1 
simplifies to a maximum count rate, 

����
̇  =  

������ 

�
                                  (3) 

which can be combined with the above assumptions for a 
measurement of cell capacitance. 

�����  =  
������

�����������  
                              (4) 

A microcell capacitance of 43 fF was determined by 
measuring the saturation current at 34 overvoltages from 0.5 
V to 3.9 V and fitting a line with least squares. 

Keeping bias voltage constant, a bias current-irradiance 
curve can hence be shown in Fig. 2. The model in equation 1 
was fitted for both tested overvoltages, using data from Table 
I, measurement of the recharge time for the SMA board [4] 
and a fitted ����� of 3.4 µWm-2. 

To measure the PDE �(�����, �) from a measurement of 
the bias current, the device must be in the linear region                  
�� ∙ (� + �����)  <<  1   with � >> ����� . The following 
simplification of the model in equation 1 can hence be used 

�(�����, �)  ≈  
��(�) �����(�����, �)

�����������SiPM ∙  (� + �����)
                   (5) 

III. COMPARISON OF  SMTPA AND SMA EVALUATOIN 

BOARDS 

On Semiconductor offers SiPMs on a surface mount 
technology pin adaptor (SMTPA) evaluation board, which 
consists of the SiPM mounted on a small circuit board with 
RF header pins to plug directly into another circuit board. 

On Semiconductor also offers the MicroFJ series of SiPM 
on a SMA evaluation board, which permits access to both the 
fast and slow outputs as seen on Fig. 1. This SMA evaluation 
board exists to aid users in assessing the technology in a 
convenient manner and has consequently been used for prior 

TABLE I 
KEY PARAMETERS OBTAINED FROM THE MANUFACTURES DATA SHEET FOR 

A J SERIES 30020 WITH AN OVERVOLTAGE OF 5V [10] 

Parameter 30020 

Number of Microcells 14410 

Microcell Active Area Diameter (µm) 20 

Fill factor (%) 62 

Microcell Recharge Time Constant (ns) 15 ns 

PDE (405 nm) 0.38 (@ 5 Vover) 

Dark Count Rate (MHz) 1.2 (@ 5 Vover) 

Pulse Width (ns) 1.4 

 

 
Fig. 2. The measured current needed to maintain an over-voltage of      
1 V and 3 V on a 30020 MicroFJ series SMTPA package SiPM at 

different irradiances from 405 nm UV3TZ-405-15 LEDs. 

 
Fig. 3. The measured current needed to maintain an over-voltage of 
3V on a 30020 MicroFJ series SMTPA and SMA SiPM at different 

irradiances from 405 nm LEDs. 



work in VLC [2-5,8]. The SMA evaluation board has a 50 Ω 
resistor in series with the anode of the SiPM, to for allow 
measurement via the slow output of the current flowing 
through the SiPM to recharge the microcells. Under high 
irradiances, causing saturation, the current flowing through 
this 50 Ω resistor causes the SiPM overvoltage to drop as 
much as 1.5 V. 

The SMA evaluation board’s recharge time was measured  
to have a full width half max time of 30 ns, however the data 
sheet of the device presents a recharge time of 15 ns when a 
1 Ω resistor is instead present in series with the anode [4]. 

The SMTPA evaluation board allows direct access to the 
anode of the SiPM, which when grounded prevents the 
significant overvoltage drop as seen on the SMA board. 
When the anode is connected directly to ground, it is not 
possible to measure the recharge current of a microcell, and 
hence measure the recharge time. The datasheet value of 
15 ns was therefore used for the model (1). 

When the evaluation boards are compared directly on a 
bias current-irradiance plot in Fig. 3, both boards perform 
equally in their linear region until approximately 30 mWm-2. 
In saturation, the SMA board has a lower bias current, caused 
by the longer recharge time. At 1 Wm-2 the SMTPA board 
has a bias current of 56.7 mA, a factor of 2 times the SMA 
board’s bias current of 28 mA. Comparing to the recharge 
times of the devices, the SMTPA board has a recharge time 
half of the SMA board’s measured recharge time. As both fits 
have the same PDE of 0.34, the reduced PDE from the 
overvoltage decreasing does not have a significant impact. 

IV. MICROCELL SIMULATION 

The PDE as a function of overvoltage when the irradiance 
from the 405nm LED ring was 2.4 mWm-2 was also 
measured. The overvoltage was varied between 0.5 V to 
3.9 V in 100 mV increments, and the bias current measured. 

The measured relationship between the PDE and the 
device overvoltage was obtained by using equation (5). An 
empirical model was hence fitted for the PDE as a function 
of the overvoltage ����� , 

�(����� , 405��) = 0.46 � 1 − ��� �
������

�.������
��           (6) 

Where ��� is the breakdown voltage, and the coefficient 
of 0.46 is specific to a wavelength of 405 nm. When 
compared, both SMA and SMTPA evaluation boards showed 
identical PDE-overvoltage characteristics. When measured 
for a particular irradiance in the linear region, as the 
overvoltage increases, the PDE rises. 

A time-domain simulation was made to fully model the 
SiPM’s recharging process, and hence its PDE dependence 
on overvoltage. The simulation consists of an array of times 
since the last detected photon. From this time array, a 
microcell overvoltage and hence charge can be calculated 
assuming RC time constant recharging. 

����������(�)  =  ����� �1 −  ��� �
�

�
��                 (7) 

For each simulation time step, the microcell PDE is hence 
calculated from this overvoltage using the model in equation 
(6). Microcells are uniformly, randomly struck by photons 
which randomly experience detections depending on the 
microcell’s PDE. On detection of a photon, the microcell’s 
time since last detected photon is set to zero. This behavior 

results in a time domain simulation shown in Fig 5, which 
gives a view of a microcell under 5 mWm-2 of constant light. 
Despite a photon being detected when the device has not fully 
recharged, an output pulse is still generated. A bias current-
irradiance curve can hence be simulated from the model, by 
summing the charge in microcells which detect a photon. 
Fig.6 shows the simulated bias current-irradiance curve for a 
MicroFJ-30020 SMTPA SiPM. The simulation agrees with 
the measured results, which suggests the PDE model and 
recharge profile are valid approximations. 

V. DATA TRANSMISSION EXPERIMENT SET UP 

A Tektronix 70002A Arbitrary Waveform Generator 
(AWG) was used to generate a pseudorandom binary 
sequence (PRBS) OOK signal. This signal was then 
amplified by a Fairview FMAM3269 amplifier to produce a 
2 Vpp signal. 8b10b coding was used as this amplifier has a 
bandpass beginning at 10 MHz. This signal was combined 
with a DC bias of 35.5 mA in a Mini Circuits Bias-Tee ZFBT-
4R2GW+, which was applied to a L405P20 laser diode, 
which has an output center wavelength of 405 nm. A 
wavelength of 405 nm was chosen as it is the wavelength with 
the highest PDE for the J-Series SiPMs. 

The light from the laser diode passes through a 
collimating lens, polarizer and into a multi-mode fiber to the 
transmitter assembly. The transmitter assembly consists of a 
collimating lens and a ground glass diffuser to create a 
uniformly illuminated area where the receiver is placed. 
A ring of eight UV3TZ-15 LEDs was used as a background 
405 nm irradiance source, which was controlled by a Keithley 

 
Fig. 5. Time domain simulation of a single Micro FJ 30020 SMTPA 

microcell under 5mWm-2 of 405nm irradiance. 

 
Fig. 6. Simulated current needed to maintain an overvoltage of 3V on 

a Micro FJ 30020 SMTPA SiPM. 



224 source measure unit. The irradiance at the receiver was 
measured with an 818-UV calibrated photodiode.  

The receiver consisted of a SiPM cooled with a fan, which 
was biased by a programmable bench power supply. The fast 
output was connected to a ZX60-43-S+ 4GHz amplifier, 
which was then connected to a Keysight MSO64 4 GHz 
oscilloscope. The captured waveform was then post-
processed in MATLAB®, by low pass filtering, and applying 
decision feedback equalization (DFE) to compensate for ISI. 
Finally, the BER was calculated and used as feedback to 
adjust the transmitter irradiance through moving the polarizer 
to achieve a target BER. 

VI. DATA TRANSMISSION RESULTS 

Data transmission experiments over a distance of 40 cm 
were performed at a data rate of 500 Mbps. Due to the finite 
width of the SiPM output pulses and other transient effects, 
the system suffers from inter-symbol interference and 
therefore DFE was employed before the BER was calculated. 

Ambient 405 nm light illuminating the SiPM from the 
LED ring was varied between 2 mWm-2 and 1 Wm-2. The 
irradiance from the transmitter was then varied using a 
polarizer until a BER of 3.8∙10-3 (a 7% forward error 
correction limit) was achieved at each background irradiance.  

 Fig. 7 shows the SMTPA and SMA evaluation boards’ 
performance under ambient illumination. The SMTPA board 
required a lower transmitter power than the SMA board for 
all tested irradiances. To sustain a BER of 3.8∙10-3 at               
500 Mbps, for a total irradiance between than 2 mWm-2 and 
300 mWm-2, the relationship between the required transmitter 
irradiance ���  and total irradiance incident ������   on the 
SMA evaluation board SiPM is ��� = 0.14 × ������

�.� . 
For the SMTPA board, the relationship is                               
��� = 0.06 × ������

�.�� . 
The SMTPA board required a lower transmitter power for 

the entire tested range. The transmitter power also scaled 
more slowly with an increase in incident ambient light.  When 
the total irradiance illuminating the SiPM is above                  
300 mWm-2, the SMA evaluation board required a factor of 
1.9 times more transmitter power than the SMTPA board.  

VII. CONCLUSION 

This paper investigated the penalty associated with anode 
resistance on the Fast Output of On Semiconductor SiPMs. 

A bare J-Series SiPM experiences approximately 1 Wm-2 
of 405 nm equivalent irradiance when exposed to 500 lux of 
WLED light [8]. Adding a filter pack (BG3, a BG39 and a 
B370) leads to an ambient light suppression by three orders 
magnitude (0.8mW m-2 of 405 nm equivalent irradiance) [8]. 
The reduction of ambient light level allowed for an in-depth 
analysis of the anode resistance of SiPMs. It has been shown 
that the recharge time decreases with decreasing anode 
resistances. The reduction of recharge time allows for a 
higher overall bandwidth, and improved saturation 
performance. Moreover, the lower recharge time allows for a 
higher time-average PDE. The lower recharge time means the 
SMTPA board is closer to an ideal device for research 
purposes, more consistent measurements can be obtained, 
and the performance of VLC links is improved. 

The SMTPA board SiPM also allows the possibility of 
combining multiple SiPMs together, to create a larger device 

without the penalty of increased pulse width, and hence 
reduced bandwidth. If ideal photon counting conditions are 
achieved without a bandwidth limitation, the number of 
detected photons per bit determines the error rate. Hence the 
data rate scales with the number of SiPMs, 

While a SiPM with a lower recharge time and thus higher 
maximum count rate is beneficial, the inherent nonlinearity 
from microcells recharging is still a concern for the main 
modulation schemes in VLC, OOK and OFDM. 
Understanding this nonlinearity will result in the 
development of optimal pre- and post-equalization methods, 
which is essential in paving the way for high-speed VLC 
transmission when operating in challenging environments. 
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Fig. 7. Transmitter irradiance required to support a 500 Mbps link 

under varying 405 nm background light. 
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