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A Comparison of VLC Receivers That Incorporate
Two Different SiPMs

Zubair Ahmed, Wajahat Ali , Grahame Faulkner , and Steve Collins

Abstract—Previously, when selecting silicon photomultipliers
(SiPMs) for use in visible light communications (VLC) systems the
bandwidth of the SiPM has been a high priority. However, results
of experiments on VLC receivers containing two different sizes of
commercially available SiPMs show that, if equalization is used
and the OOK bit time is less than one third of the duration of its
output pulses, the SiPMs bandwidth doesn’t significantly impact
the receiver’s performance. Consequently, for these data rates the
criteria used to select which SiPM to incorporate in VLC receivers
should put a higher priority on their area and photon detection
efficiency than on their bandwidth. In addition, for these data rates,
unless the SiPM becomes non-linear, the performance of a receiver
containing a SiPM can be predicted based upon Poisson statistics.

Index Terms—Optical wireless communications, silicon
photomultiplier, visible light communications.

I. INTRODUCTION

THE Shannon-Hartley theorem suggests that the maximum
data rate of any communications systems depends upon its

bandwidth and signal to noise ratio (SNR). Consequently, the
best possible receivers for visible light communications (VLC)
[1] have a relatively wide bandwidth and best possible SNR
[2]. It is this last characteristic of an ideal receiver which has
motivated research into using silicon photomultipliers (SiPMs)
in VLC receivers [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23].

SiPMs produced by Broadcom, Hammamatsu and onsemiTM

are arrays of microcells that each contain an avalanche pho-
todiode (APD) in series with a resistor. However, the avail-
able SiPMs have different characteristics, including their areas,
photon detection efficiencies, number of microcells and output
pulse widths. This variety of SiPMs and the difficulty per-
forming RF experiments carefully means that a comprehensive
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experimental comparison of the performance of receivers con-
taining all the different SiPMs would be time consuming. How-
ever, the Shannon-Hartley theorem suggests that the bandwidth
of a VLC system is more important than its SNR. Consequently,
SiPMs with fast output pulses, and therefore wide bandwidths,
have been incorporated into most experimental VLC systems
[17], [18], [19], [21], [22], [23].

Many VLC systems are free space systems, and hence an
important characteristic of a receiver is the irradiance at the
receiver needed to achieve the required combination of data
rate and bit error rate (BER) [22]. The Poisson statistics of
the dominant noise source in a SiPM means that the BER is
determined by the number of detected photons in a bit time.
Consequently, the irradiance required to achieve a required BER
and OOK data rate can be reduced by increasing the area of
a SiPM. Unfortunately, the larger available SiPMs have wider
output pulses and therefore a smaller bandwidth.

In this paper the results of a comparison of the performance
of VLC receivers containing two different sizes of SiPM are
reported. The larger SiPM has four times the area of the smaller
SiPM but half its bandwidth. These characteristics and the
Shannon-Hartley theorem mean that the receiver containing the
smaller SiPM is expected to perform better than the receiver
containing the larger SiPM. However, a comparison of results
obtained with receivers containing the two SiPMs shows that this
is not always the case. In particular, the comparison shows for
the first time that, if equalization is used and the OOK bit time is
less than one third of the duration of the SiPM’s output pulses,
the bandwidth of the SiPM doesn’t affect the performance of
the receiver. In addition, results are presented which show that,
until the SiPM’s response becomes non-linear, the performance
of SiPM receivers for these data rates can be predicted accurately
using Poisson statistics alone. In the future it will therefore be
possible to compare the performance of receivers containing a
wide variety of different SiPMs in a variety of scenarios without
the need for time consuming experiments.

The paper is organized as follows. Poisson statistics are used
to predict the expected relative performance of SiPMs with
different area in Section II. However, this prediction doesn’t
take into account the non-linear response of SiPMs and the
smaller bandwidth of the larger SiPM, which are investigated
in Sections III and IV respectively. Section V then contains
a description of results from data transmission experiments
with receivers containing the two different SiPMs before and
after decision feedback equalization (DFE) has been applied.
In Section VI results are presented which show that, once DFE
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TABLE I
KEY PARAMETERS AND THEIR VALUES OF TWO J-SERIES SIPMS OBTAINED

FROM THE MANUFACTURES DATASHEET [24]

has been applied, Poisson statistics can be used to predict the
performance of a VLC system that includes a receiver containing
a SiPM operating in its linear regime for all OOK data rates
whose bit time is less than one third of the SiPMs output pulse
width. However, in some cases an accurate prediction is only
achieved if variations between the fast output pulses are taken
into account. Finally, Section VII contains concluding remarks.

II. RELATIVE PERFORMANCE OF TWO SIPMS

All the microcells in SiPMs are biased in parallel so that the
voltage across all the APDs is above their breakdown voltage.
This means that a photon can create an avalanche process.
Without the resistor this avalanche would be self-sustaining.
However, an avalanche event causes a voltage drop across the
resistor which reduces the voltage across the APD so that the
avalanche process is quenched. After it has been quenched
the microcell has to be recharged. Unfortunately, during this
recovery process the bias voltage on the microcell is less than
its maximum. Consequently, the microcell isn’t as effective at
detecting photons. If a single microcell is used as a receiver
the recovery time would limit the achievable data rate. This
limitation is avoided by using SiPMs that contain thousands
of microcells. So that photons can be detected the SiPMs manu-
factured by onsemiTM have a fast output created by capacitively
coupling the voltage change across each APD to a shared output
line. The wider bandwidth created by the narrower pulses on the
fast output means that SiPMs manufactured by onsemiTM have
previously been incorporated in VLC receivers [17], [18], [19],
[21], [22], [23].

Table I contains the important characteristics of two SiPMs
manufactured by onsemiTM. Both of these SiPMs contain the

Fig. 1. A comparison of two methods of estimating the average additional
photons per bit needed to transmit OOK data as the number of background
photons per bit time is varied.

same design of microcells and hence the most significant dif-
ference between them is that the 60035 is four times larger than
the 30035. This increase in area is significant because in many
VLC applications the power available at the transmitter will be
limited by the need to make an eye-safe system or a desire to
limit the power consumption of the transmitter. The divergence
of the transmitters output will then determine the irradiance,
rather than power, at the receiver. Consequently, an important
performance metric for a receiver is the irradiance required to
support a data rate with an acceptable BER [22].

For any photon-counting receiver, including an ideal SiPM,
the number of photons detected in a bit time is determined by
Poisson statistics. Then the BER can be calculated using

BER =
1

2

[
nT∑
k=0

(NTx +Nb)
k

k!
.e−(NTx+Nb)

+
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k=nT

(Nb)
k

k!
.e−Nb

]
(1)

where Nb is the average number of photons detected per bit time
when a zero is received and NTx is the number of additional
photons per bit time from the transmitter when a one is received.
The values of NTx required to achieve a BER of 10−3 at different
values of Nb, calculated using (1), are shown in Fig. 1. These
results show that, for this BER, if Nb is less than 2× 10−4, NTx is
independent of Nb. In this regime increasing the area of a SiPM
will increase Nb but will not increase NTx significantly. Under
these conditions increasing the SiPM area by a factor M will
reduce the irradiance from the transmitter required to achieve the
same BER and data rate by a factor of M. Under these conditions
we would expect the 30035 to require four times the irradiance
required by the 60035 to support the same BER and data rate.

The results in Fig. 1 also show that when Nb is greater than 10
the results obtained assuming Poisson and Gaussian (normal)
statistics are indistinguishable. When the noise in a receiver has
a Gaussian distribution and OOK data is transmitted the measure
of the signal to noise ratio that determines the BER is Q,

Q =
V PP
S

vrms
n,0 + vrms

n,1

(2)
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where is V PP
S the difference between the mean receiver output

signals when the two different bits are received and vrms
n,0 and

vrms
n,1 are respectively the noise when a zero and a one are being

received. All these three quantities are calculated from statistics
gathered at times when transmitted bits are decoded. When the
Gaussian distributions arise from Poisson statistics the noise in
the receiver output will be proportional to the square root of the
number of detected photons. Consequently, (2) becomes

Q =
NTx√

NTx +Nb +
√
Nb

(3)

However, as shown in Fig. 1, NTx increases more slowly than
Nb and so eventually Nb>NTx and then (3) becomes

Q ≈ NTx

2
√
Nb

(4)

In this regime if the area of a SiPM is increased by a factor M
the irradiance from the transmitter needed to support the same
BER and data rate decreases by a factor of �M. Under these
conditions the 30035 is expected to require double the irradiance
required by the 60035.

However, these predictions of the relative performance of the
30035 and the 60035 don’t take into account two potentially im-
portant phenomena. The first of these is the non-linear response
of SiPMs. The second is the different widths of the fast output
pulses used to detect photons.

III. NON-LINEAR RESPONSE OF SIPMS

The non-linear response of a SiPM is a consequence of the
need to recharge each microcell after it has been quenched.
However, the capacitance of the APD in each microcell and the
resistance connecting it to the source of the bias means that this
recharging process requires a recovery time, typically lasting
several nanoseconds. It is this recovery time which creates a
non-linear relationship between the response of a SiPM and the
irradiance falling on it. The voltage source used to bias the SiPM
has to supply the current needed to recharge each microcell’s
capacitance. Consequently, the nonlinear response of a SiPM can
be observed by measuring the current supplied by this voltage
source as the irradiance falling on the SiPM is varied [17], [21].

Fig. 2 shows the measured current required to sustain the
bias voltage across a 30035 and a 60035 for varying irradiances
from a 405 nm laser diode. Although the 30035 and 60035
contain the same design of microcell the recovery time of the
60035 is slightly longer than the recovery time of the 30035.
Consequently, as shown in Fig. 2, the response of the 30035
deviates by 50% from the extrapolated linear response at an
irradiance of approximately 1.2 mWm−2 and at 0.94 mWm−2

for the 60035.
The bit error rate is determined by the number of photons

per bit and the 60035 is four times larger than the 30035. Con-
sequently, although, the 60035 exhibits a non-linear response
at a slightly lower irradiance than a 30035 the non-linearity is
expected to impact the 30035 at significantly lower data rates
than the 60035.

Fig. 2. The non-linear response of the 30035 and 60035 at 405 nm when biased
at 28 V.

IV. FREQUENCY RESPONSE OF THE LINK

The second phenomenon that could impact the performance
of the two SiPMs is the inter-symbol interference (ISI) caused
by the fast output pulses. Table I shows that the fast output pulse
widths for the 30035 and 60035 are 1.5 ns and 3 ns respectively
and so the bandwidth of the 60035 is half the bandwidth of the
30035. The potential impact of the ISI caused by these output
pulses means that the 3 mm by 3 mm onsemiTM SiPMs with
narrow output pulses have recently been preferred in most VLC
receivers [17], [18], [19], [21], [23].

The shape of the fast output pulses of SiPMs means that they
are expected to create a single pole in the frequency domain.
Furthermore, the definition of the widths of the fast output
pulses and their values in the datasheet, and hence Table I, mean
that these poles are expected to correspond to single pole time
constants of approximately 0.7 ns and 1.4 ns.

The SiPM is expected to create a single pole in the frequency
response of a VLC system. However, other parts of a system will
mean that the overall frequency response is more complex than
a single pole response. The frequency response of the link was
therefore measured using the equipment described in the caption
of Fig. 3. The results of these experiments are shown in Fig. 4. In
addition, Fig. 4 shows the best fit to this measured data assuming
that the responses of both systems are described as a product of
two single poles. In both cases the time constants associated with
the lowest frequency pole are similar to those expected from
the width of the fast output pulses in the relevant datasheets.
However, it appears that by slowing the recovery process the
resistors on the evaluation boards containing the SiPMs have
also slightly broadened the fast output pulses. In addition, the
measured frequency responses of both links are consistent with
a second single pole associated with time constants of 0.25 ns
or 0.7 ns. Most importantly for the comparison of the two
SiPMs, the different widths of the fast output pulses have a
significant influence on the frequency response of the systems.
In particular, the system containing the 60035 has a significantly
lower bandwidth than the one containing the 30035.
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Fig. 3. Schematic diagram of the equipment used to evaluate the performance
of selected J-Series SiPMs. For these measurements the signal from port 1 of a
HP 8753 series vector network analyser (VNA) was amplified by a FMAM3269
(10 MHz – 6 GHz) power amplifier to produce a 1.6 Vpp output, a signal
amplitude optimised for the transmission of an on-off-keying (OOK) signal.
In order to bias the laser diode to an average current of 35 mA, the output
signal from the power amplifier was added to a DC bias voltage of 3.3 V
by a Bias-Tee (ZFBT-4R2GW+). The combined signal was then applied to
a L405P20 laser diode with an output wavelength of 405 nm [23]. The light
from the laser diode was then coupled to the fibre optic cable (M74L01) using
two lenses (ACL25416U-A and LA1805) and a fibre collimator (F240FC).
A 25 mm wire-grid polariser (34-254) from Edmund Optics was also placed
between the fibre collimator and lenses. This was used to vary the light coupled
to the fibre optics and hence the irradiance at the receiver. At the other end of
the fibre a collimator, a lens, and an optical diffuser (DG10-220-MD) were used
to create a uniformly illuminated area in which the receiver was placed. The
receiver consisted of a SiPM on a SMA evaluation board, enclosed in a box. The
only optical component used in the receiver was a Thorlabs FB405-10 optical
bandpass filter (central wavelength 405 nm and a FWHM of 10 nm), which
reduced the amount of ambient white light reaching the SiPM. A 28 V bias
voltage was applied to the SiPM, so that all the microcells are biased above their
breakdown voltage, and its fast output was connected to a ZX6043-S+ 4 GHz
low-noise amplifier whose output was connected to port 2 of VNA.

V. EXPERIMENTAL RESULTS WITH EQUALISATION

To compare the performances of receivers containing the
30035 and 60035, port 1 of the VNA was replaced by a 10 GHz
Tektronix Arbitrary Waveform Generator (AWG), which was
used to generate a pseudorandom binary sequence (PRBS)
OOK signal. Since this signal was amplified by an amplifier
(FMAM3269) that is ineffective at frequencies below 10 MHz
8b10b coding was used. On the receiver side, port 2 of the
VNA was replaced by a Keysight MSOV334A oscilloscope
(33 GHz, 80 GS/s) which captured the receiver output, at a
rate which corresponds to 30.5 samples per bit. The captured
8b10b data was then post-processed in MATLAB. In particular,
like the signal from receivers containing photodiodes or APDs,
the signal was low-pass filtered. The result of this process are
signals and eye diagrams, such as the one is Fig. 5, which is
indistinguishable for the signals and eye diagrams obtained from
receivers containing a photodiode or APD. In some experiments
decision feedback equalization (DFE) was applied to this filtered
signal. Finally, in all cases, the BER was calculated.

The results in Fig. 6 before DFE is applied shows the impact
of the ISI arising from the finite width of the fast output pulses. In
particular, the data for both SiPMs (the crosses in Fig. 6) shows
a rapid increase in the required irradiance from the transmitter

Fig. 4. The measured frequency response of the links formed with the two
SiPMs. The fit to the 30035 data is a combination of two single poles with
characteristic times of 0.8 ns and 0.25 ns. The fit to the 60035 data is a
combination of 1.6 ns and 0.7 ns.

Fig. 5. The eye diagram obtained when 500 Mbps are transmitted and the
output from a receiver containing a J30035 has been low pass filtered in
MATLAB.

Fig. 6. The average irradiances required to transmit various OOK data rates
to the two SiPMs when they are operating in the dark.
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Fig. 7. The ratio of irradiances required by the 30035 and 60035 in the dark
when the DFE is employed.

at the receiver once the bit time is approximately three times the
characteristic time of the lowest frequency pole created by the
SiPMs output pulses.

The impact of this ISI caused by the SiPMs on higher data
rates can be reduced by equalizing the received signal using the
DFE algorithm in MATLAB. At each data rate the recursive
least squares (RLS) algorithm option was used to optimize the
number of feedforward and feedback taps required to perform
DFE. The equalized signal was then used to calculate the BER.
A comparison of results in Fig. 6 obtained with the 30035 with
equalization (red circles) to without equalization (red crosses)
clearly shows that at data rates higher than 0.5 Gbps the 30035
requires a lower irradiance to achieve the same BER after
equalization. Similarly, a significant reduction in the required
average irradiance has been observed in the case of the 60035.
However, in this case the wider output pulses of the 60035 means
that equalization is beneficial for all data rates above 0.25 Gbps.

For the 30035 the irradiance needed to achieve the target
BER increases rapidly for irradiances higher than approximately
2.5 mWm−2. A comparison of this value with the non-linear
response of the SiPM in Fig. 2 shows that this change in behavior
arises from the non-linear response of the 30035. However, the
irradiance at which the slope of the 60035 data in Fig. 6 changes
abruptly, approximately 0.3 mWm−2, is too small for this to be
caused by the SiPMs non-linearity. Since it occurs at a data rate of
1.2 Gbps it may be caused by unobservable pole or poles, with
a characteristic time of approximately 0.27 ns (corresponding
to a 3 dB frequency of 590 MHz), in the frequency response
of the link containing the 60035. Alternatively, it may be the
power penalty needed to support DFE once the bit time becomes
significantly shorter than the output pulse width [25].

Fig. 7 shows the ratio of the irradiances needed to transmit
different OOK data rates to the links containing the 30035 and
60035 in the dark when DFE is employed. As the data rate
increased the number of detected photons per bit when a zero
is being transmitted decreases and so the advantage of using
the 60035 increases. However, for these systems, the advantage
of using the 60035 declines sharply for data rates higher than

1.2 Gbps. This decline in advantage is associated with the ISI
caused by the width of the fast output pulses. Before this happens
the results in Fig. 7 are consistent with the advantage predicted in
Section II that didn’t take into account ISI. A significant aspect
of the results in Fig. 6 is that if the irradiance from transmitter is
less than 3 mWm−2 the receiver containing the 60035 achieves
higher data rates than the 30035.

VI. PREDICTING THE RECEIVERS’ PERFORMANCE

Until either the SiPM becomes non-linear, or the bit time is
less than one third of the output pulse width, the results in Fig. 6
after equalization fall on a similar trend line as the results before
equalization. The results before equalization can be predicted
using Poisson statistics [17] and hence this observation suggests
that it should be possible to predict the performance of these
receivers for some data rates even after equalization. The ex-
perimental results have therefore been compared to predictions
based upon Poisson statistics.

The average irradiance from the 405 nm transmitter required
by the SiPM at a given data rate can be calculated using

Iavg =
NTx × Eph

Tb × PDE ×ASiPM
(5)

where Eph is the energy of photons, PDE is the photon detection
efficiency of the SiPM, ASiPM is the area of SiPM, and NTx is
the average number of additional photons incident on the SiPM
from the transmitter in a OOK bit time, Tb. However, (1) shows
that this average number of photons per bit depends upon both
the target BER and the total number of background counts per
bit (Nb).

For the d.c. bias voltage used, the peak-to-peak voltage swing
(1.6 V) applied to the laser diode in the transmitter means that
it is not completely off when it transmits zeros. Therefore, the
transmitter contributes to the number of background counts per
bit time. Hence, the measured average irradiance (Iavgm), and
the extinction ratio must be used to calculate the number of
background counts per bit from the transmitter (NbTx)

NbTx =
2× Iavgm × PDE ×ASiPM × Tb

(1 +Re)Eph
(6)

where the term 2× Iavgm

1+Re
corresponds to the irradiance (I0)

when a zero is received. Similarly, the irradiance (I1) corre-
sponds to irradiance when a one is received, and Re is the
extinction ratio I1

I0 . To determine Re the polarizer was set to
the position it is in when 0.2 Gbps are transmitted successfully
to the 30035. Then the irradiance at the receiver was measured
using a Newport 818-SL optical power detector with the mini-
mum voltage, 2.5 V, and the maximum voltage, 4.1 V, applied
to the laser diode. The ratio of these two measurements showed
that the extinction ratio was 15.

Fig. 8 shows that for the 30035 the average irradiance (red
solid-line) predicted using the measured extinction ratio and
Poisson statistics matches the results (red circles) achieved with
DFE up to 1.4 Gbps. The results then deviate from the prediction
at higher data rates. However, as discussed in Section V, this
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Fig. 8. The measured and estimated average irradiance required to transmit
various OOK data rates to the 30035 and the 60035 in the dark.

TABLE II
MEAN AND STANDARD DEVIATION OF INTEGRAL VALUE OF PRIMARY

DARK PULSES

deviation occurs as result of the non-linearity of the 30035 which
is not taken into account by the prediction.

A similar behaviour can be observed in the case of the 60035.
However, the results (green circles) in Fig. 8 show a deviation
from the estimated average irradiance (green solid line) at data
rates above 1.2 Gbps. However, even at the lowest data rates the
prediction of the performance of the 60035 isn’t as good as the
prediction for the 30035. Furthermore, since equalization isn’t
needed for the lowest two data rates any difference between the
predicted and the measured irradiances can’t be caused by ISI.

After considering possible explanations for the difference
between the predicted and the measured results for the 60035
the variability of fast output pulses was investigated. When the
SiPM is used as a receiver its fast output signal is captured and
low-pass filtered in the same way as the analog signal from a
conventional receiver. Consequently, the important characteris-
tic of the captured output pulses is their integral.

Fig. 9 shows the distributions of the integrals over a time of
twice the fast output pulse width of approximately 500 single
fast output pulses from the 30035 and the 60035. The means and
standard deviations of these integrals, listed in Table II, show
that for the 30035 the standard deviation (σ) of the distribution
is 16% of the mean value. However, for the 60035 the standard
deviation of the distribution is 40% of the mean value. The fast
output pulses from the 60035 are therefore significantly more
variable when compared to their mean than the fast output pulses
from the 30035.

The variability of output pulses is an additional noise source
which can be taken into account by increasing the dominant
noise source, which is the number of background counts per bit.

Fig. 9. Distribution of integral value of dark pulses captured from the fast
output of the 30035 (top) and the 60035 (bottom). Solid line shows Gaussian fit
to the distribution.

In particular, for the 30035 the number of background photons
per bit have been multiplied by 1.16, whilst for the 60035 the
multiplier was 1.4. These increased values were then substituted
in (1). The value of nTx and the corresponding average irradiance
required from the 405 nm transmitter was estimated using (5).

The red and green dotted lines in Fig. 8 are the revised versions
of the average irradiance estimated with variations in output
pulses taken into account. In the case of the 30035, only a slight
difference is observed between the revised prediction (red dotted
line) and previous prediction (red solid line). The variability
of the fast output pulses from the 30035 therefore has little
impact on its performance. In contract, the revised prediction
for the 60035 (green dotted line), is noticeable closer to the
measured data than the previous prediction (green solid line).
This shows that the variability of the fast output pulses can have a
noticeable impact on the receiver performance. The variability of
output pulses should therefore be taken into consideration when
selecting which SiPMs to use in receivers or when designing a
new SiPM specifically for VLC systems. More importantly, until
the SiPM becomes non-linear or the OOK bit time is less than
one third of the output pulse width the performance of a SiPM
containing receiver can be predicted using Poisson statistics.

VII. SELECTING A SIPM FOR A NEAR INFRARED LINK

Near infra-red wavelengths, for example 850 nm, are of
interest for a variety of reasons, including the availability of high
bandwidth transmitters and the higher eye safe irradiances. An
additional advantage when using a receiver containing a SiPM
is that when compared to systems using 405 nm there are more
than twice the number of photons per Watt. Previously, the R
series of SiPMs, which had been designed to have a maximum
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TABLE III
ONSEMITM RB-SERIES SIPMS

PDE around 600 nm rather than 420 nm, have been suggested
for use at 850 nm [26].

The results for both the 30035 and 60035 show that after
DFE is applied Poisson statistics can be used to predict the
performance of a link until the SiPM starts to saturate or the OOK
bit time is less than one third of the output pulse width. If these
conditions are satisfied the achievable BER is determined by the
additional number of detected photons per bit time when a 1 is
received. In addition, for free-space links the divergence of light
from the transmitter means that it is the irradiance at the receiver
that is important [22]. Consequently, an important consideration
when selecting a SiPM for incorporation in a receiver for a free
space VLC system is the product of the PDE at the transmitter’s
wavelength and the area of the SiPM.

The R series has been replaced by the RB series of SiPMs.
However, as shown in Table III, like the R series, the SiPMs in
the RB series are all 1 mm2 and have PDEs at 850 nm ranging
from 7% to 17%. In contrast, although its maximum PDE occurs
at 420 nm the PDE of the 60035 at 850 nm is approximately
3% [27]. The larger area of the 60035 therefore more than
compensates for this lower PDE at 850 nm. Consequently, for
operation at data rates up to at least 1 Gbps the 60035 is a better
choice for use in a receiver of 850 nm than any SiPM in the RB
series. However, if a 6 mm by 6 mm RB series SiPM with a
35 μm microcell was manufactured the PDEs suggest that, as
long as it remains in its linear region of operation, it would be
expected to need less than one fifth of the irradiance required by
the J series 60035 to support the same BER and data rate.

VIII. CONCLUSION

Poisson statistics suggest that increasing the area of SiPMs in
VLC receivers will reduce the irradiance needed to achieve the
same BER and data rate. In particular, if the number of detected
photons per bit when a zero is transmitted is negligible increasing
the area by a factor M will reduce the required irradiance by a
factor of M. However, when more than 10 photons are detected
in each bit time when a zero is transmitted Gaussian statistics
apply and increasing the area of the SiPM by a factor M will
reduce the irradiance by a factor of M1/2. The benefits of using a
larger SiPM will therefore be increased if the SiPM is protected
from ambient light and the transmitter has a high extinction ratio.

However, predictions based upon statistics alone don’t take
into account either the non-linear response of the SiPMs or the

width of their output pulses. Two SiPMs with different areas and
output pulse widths have been characterized and incorporated
into VLC receivers. Results show that, until the SiPM becomes
non-linear or another part of the VLC link impacts its frequency
response or the OOK bit time is less than a third of the width of
the output pulses, the results after DFE fall on the trend line of the
results at low data rates. Consequently, under these conditions,
the performance of a VLC link containing a SiPM receiver can
be predicted using Poisson statistics alone. Hence, when both
the SiPMs have a linear response the 60035 supports the same
BER and data rate as the 30035 with between one quarter and
one half of the irradiance needed by the 30035.

The overall conclusion is that, unless the OOK bit time is
shorter than one third of the output pulse width, the bandwidth
of a SiPM should not be a high priority when selecting a SiPM
for incorporation in a VLC receiver. Furthermore, for these
data rates, until their non-linearity or the frequency response
of another part of the VLC link become important, Poisson
statistics can be used to predict the performance of VLC links
containing SiPMs in different scenarios.

A combination of Poisson statistics and the importance of irra-
diance in free space links means that an important consideration
when selecting a SiPM for incorporation in a VLC receiver is
the product of the PDE at the transmitter’s wavelength and the
area of the SiPM. At the moment this means that the J series
60035 is expected to be a better choice than any of the RB series
SiPMs for systems working in the near-infrared.

Further work is required to determine the selection criteria
that should be used when the OOK bit time is less than one
third of the output pulse width. The results presented in this
paper show that it is difficult to separate the effects of the SiPM
non-linearity and output pulse widths experimentally. The best
approach to conclusively separating these two effects is therefore
to use a numerical simulation so that each characteristic of the
simulated SiPM can be varied independently.
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