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A 3.45 Gigabits/s SiIPM-based OOK VLC
Receiver

William Matthews, Zubair Ahmed, Wajahat Ali and Steve Collins Member, IEEE

Abstract— A relationship between irradiance and the current
needed to maintain the bias voltage applied to a silicon
photomultiplier (SiPM) is shown to agree with experimental data.
In addition to showing the saturation of the SiPMs response this
relationship can be used to determine the power consumed by an
SiPM. In addition, results are presented which show that, because
of its higher maximum photon count rate, a 30020 SiPM can
achieve a bit error rate (BER) of 10 at a data rate of 3.45 Gbits/s.

Index Terms—Visible Light Communications, Optical Wireless
Communications, Silicon Photomultiplier, Intersymbol
Interference

. INTRODUCTION

Visible light communications (VLC) is actively being
investigated as a technology which could compliment, or in
some cases replace, wireless RF communications systems[1].
An important characteristic of any communications system is its
maximum data rate, which depends upon the systems bandwidth
and the signal to noise ratio (SNR) at the receiver output[2]. An
approach to improving the SNR of a VLC receiver that is being
investigated is to use a silicon photomultiplier (SiPM). These
devices are arrays of microcells, which each contain a single
photon avalanche diodes (SPAD). When a photon initiates an
avalanche process in a microcell an output pulse is generated and
single photons can be detected. The ability to detect photons
allows VLC systems to operate within a few photons per bit of
the limit determined by Poisson/shot noise. Consequently, at
1 Ghit/s and a BER of 10, a SiPM receiver has been shown to
have a 9 dB higher optical sensitivity than the best receiver based
upon an avalanche photodiode[3]. Unfortunately, after detecting
a photon each microcell must recharge. During this recharging
or recovery process, which typically last several nanoseconds, a
microcell’s ability to detect photons is reduced and the response
of SiPMs can become saturated[3].

The maximum rate at which a SiPM can generate output
pulses depends upon the number of microcells and the microcell
recharge or recovery time. The maximum OOK data rate that can
be achieved then depends upon the rate at which photons from
the ambient light are detected by the SiPM and the required
BER, which both influence the number of photons per bit that
must be detected, and the amount of inter-symbol interference
(ISI) caused by the finite duration of the SiPM output pulses.
These various factors mean that the maximum OOK data rate
that can be achieved with a SiPM receiver is unpredictable. The
relationship between the maximum rate at which output pulses
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TABLE |
KEY PARAMETERS OBTAINED FROM THE MANUFACTURES DATA SHEET FOR A
J-SERIES 30020 AND 30035 WITH AN OVERVOLTAGE OF 5V [4]

Parameter 30035 30020
Number of Microcells 5675 14410
Microcells active area 35 20

diameter (um)

Fill factor (%) 75 62

Recovery Time

constant (ns) 45ns 15ns
PDE (405 nm) 0.5 (@ 6V) 0.38 (@ 5V)
Dark Count Rate
(MH2) 1.3(@6V) 1.2 (@5V)
Pulse width (ns) 15 14

can be generated by a SiPM and the maximum OOK data rate
has therefore been investigated.

This paper is organized as follows. The operation and
characteristics of SiPMs are discussed in section Il. The
experimental equipment used to test SiPMs as receivers and the
results of experiments are described in sections Il and IV.
Finally, section V contains concluding remarks.

Il. SIPM CHARACTERISTICS

Silicon photomultipliers (SiPMs) are arrays of microcells that
each contain a SPAD. In each microcell a detected photon
causes avalanche multiplication and this in turn creates an
output pulse which can be counted. Consequently, for data rates
less than 400 Mbits/s, receivers that incorporate a SiPM can
operate closer to the Poisson or shot noise limit than receivers
which contain avalanche photodiodes|[3].

Several different SiPMs are commercially available that
might be integrated into a VLC receiver. When selecting a
SiPM for use as a receiver, multiple device parameters need to
be considered. Two of these are the photon detection efficiency
(PDE) and the area of the SiPM that mean that lower irradiances
are required to support lower data-rates.

At higher data rates, the width of the output pulses generated
when a photon is detected can cause 1SI and hence the width of
the pulses must also be considered. ON-Semiconductor
manufactures SiPMs with passively quenched microcells and
two outputs. The pulses on the slow output are caused by the
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Fig. 1. Mean slow output pulses from a J-30020 and a J-30035 SiPM.
The full width half maximum of each pulse is 30 ns and 50 ns
respectively, giving characteristic recharge time .

current flowing to recharge each microcell after it has been
discharged by a photon initiated avalanche process. Unlike
other suppliers, ON-Semiconductor manufactures SiPMs with
a fast output, which is formed by a capacitive coupling of each
microcell to a shared fast output. In order to increase the data
rate at which ISI first occurs J series SiPMs from ON-
Semiconductor have been used in VLC receivers. As shown in
Table 1 the fast output pulse widths of the 30035 and 30020
SiPM devices are similar, 1.5 ns and 1.4 ns, and, since this
parameter is their full-width at half maximum, these pulse
widths suggest that ISI will start to occur when the OOK data
rate is approximately 700 Mbps.

An important feature of SiPMs is that the avalanche process
within each microcell must be quenched by reducing the
microcell’s bias to less than its breakdown voltage. Lowering
the bias voltage halts the avalanche event but then the microcell
must be recharged. During the time that this recharge or
recovery process is taking place the microcell’s PDE is reduced
and therefore the recovery time is an important characteristic of
a SiPM. The recovery time listed in the datasheet, and hence in
Table 1, was measured when the SiPM was connected to a 1 Q
resistance. However, the SiPMs used to create receivers were
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Fig. 2. Variation of the J-30035 and J-30020 SiPM bias currents with
irradiance from a 405 nm laser diode when the bias voltage on the SiPM
is 27.5V.

mounted on a MicroFJ evaluation board that includes a 50 Q
resistance. The recovery time of the SiPM on the evaluation
board was therefore measured by observing the duration of slow
output pulses, Fig 1. These pulses showed the expected
exponential decay as the microcell recharged with a
characteristic time, T, of 30 ns and 50 ns for the 30020 and the
30035, respectively.

The most important consequence of the recovery time for
each microcell is that at high irradiances the time between
photons impinging upon each microcell is shorter than the
recovery time of the microcell. Consequently, as irradiance
increases the probability that a photon is detected reduces until
the rate at which photons are detected saturates.

If monochromatic light of wavelength, 4, is incident on a
SiPM, then its photon count rate, Gat, has previously been
related to the irradiance falling on the SiPM, Z, by

— Ncellsa (L + Ldark)
1+a Trecharge (L + Ldark)

€y

Crate

Where T,ecnarge = 2.27 is the recharge (recovery) time, whilst
Neens and Ly, are the number of microcells and the irradiance
that is equivalent to the dark count rate of the SiPMI5]. In
addition, if n(4) is the photon detection efficiency (PDE) of the
SiPM at the wavelength of the light incident, Ag;py is the SiPM
area and E,, is the photon energy then

1n(A) Asipm
a=——"—-

Ey

()

In order to achieve an acceptable bit error rate several photons
must be detected for each OOK bit. Consequently, at data rates
of 100 Mbps and higher the count rate of photons from the
transmitter is significantly higher than the dark count rate. This
means that (1) can be simplified to

Ncells al

Crate = ——— 3
rate 1+a Trecharge L ( )

Then this equation means that the maximum count rate Cuax, iS

N,
Cmax = L (4)

Trecharge

This means that the maximum count rates of the 30035 and
30020 when they are mounted onto MicroFJ evaluation boards
are 51.6 Geps and 218 Geps.

When a photon is detected the associated microcell has to be
recharged. If the charge needed to recharge a microcell is Q.
then the current required to maintain the SiPMs bias voltage is

QcentNeensaL
Lias = Qcen1Crate = 1 -:eaTcehs L (5)
recharge



PTL-37960-2021.R1

........................................................

Power Bias Laser| !
- fioin N H
AWG ™ Amplifier]”| Tee [7|Diode -
Y. HR=
Optical Fib : B
""@& Polariser [«| Lens |!: E
Diffuser Optics ; 2
6Amh|eu[
Free Space Ilumination
30cm p 3
i | Optical . Low-Noise|:
| Fitter "] SPM [ Amplifier | 2
: -
e < +—{Oscilloscope] : =

______________________

Offline Processing
with MATLAB®

Fig. 3. System block diagram describes the experimental setup used to
evaluate the performance of the selected SiPM.

The maximum bias current is then

I _ _ chllNcells
max — chllCmax -

(6)

recharge

To determine the charge needed to recharge each microcell both
the bias current and rate at which fast pulses are generated were
measured in the dark for the 30020. Their ratio shows that the
charge needed to recharge a microcell is 0.17 pC.

The measured bias currents of a 30020 SiPM at different
constant irradiances from a 405 nm laser diode are shown in
Fig. 2. This figure also includes the results of equation 5 when
the PDE is 0.36. A comparison of these two sets of results
shows that (5) accurately predicts the SiPM bias current over a
wide range of irradiances. Fig 2 also includes the measured
bias current for the 30035 SiPM and the predictions for this
SiPM obtained using (5). In this case the PDE of the 30035 was
0.55 and the charge on each microcell was 0.61 pC.

An interesting observation from the results in Fig. 2 is that
despite a ratio of maximum count rates of 4.2 the ratio of
maximum currents is only 1.18. The smaller charge per
microcell of the 30020 therefore makes this SiPM significantly
more power efficient than the 30035.

I1l. EXPERIMENT SET-UP

A schematic diagram of the experimental setup used to
characterize SiPMs receivers is shown in Fig. 3. In this set-up,
a 10 GHz Tektronix Arbitrary Waveform Generator (AWG)
was used to generate a pseudorandom binary sequence (PRBS)
OOK signal. The signal from the AWG was then amplified by
a1 GHz (ZFL-1000H+, 10MHz to 1 GHz) amplifier to produce
2 Vpp signal. However, since this amplifier is not effective at
frequencies below 10 MHz, 8b10b coding was used. In order to
bias the laser diode to an average current of 48 mA the output
signal from amplifier was added to a DC bias voltage by a Bias-
Tee (ZFBT-4R2GWH+). The combined signal was then applied
to a L405P20 laser diode with an output wavelength of 405 nm.
(This particular wavelength was chosen because it is close to
the wavelength at which the SiPMs PDE is maximum and white

light LEDs, which create the ambient light in many situations,
have less power at this wavelength than at slightly longer
wavelengths). The light from the laser diode was coupled to
optics consisting of a lens, polarizer and diffuser. The lens and
diffuser were used to create a uniformly illuminated area in
which the receiver was placed and the polarizer was then used
to vary the irradiance from the laser diode falling on the
receiver. In order to replicate operating conditions, the receiver
was also illuminated by a warm white LED (a 6W+ 8W Philips
IBRS 10461). In the experiments described in this paper this
white LED provided 500 lux to the SiPM surface to replicate
the worst-case condition which may occur in an office.

The receiver consisted of a SiPM, 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 light
reaching the SiPM. A 28 V bias voltage was applied to the
SiPM and its fast output was connected to a ZX6043-S+ 4GHz
amplifier whose output was connected to a Keysight
MSOV334V oscilloscope (33GHz, 80 GS/s). The captured
8b10b data was then post-processed in MATLAB®. In
particular the signal was low-pass filtered and in some
experiments decision feedback equalization (DFE) was applied
to the signal to compensate for ISI. Finally, the bit error rate
(BER) was calculated.

IV. EXPERIMENTAL RESULTS

Data transmission experiments, over a distance of 30 cm, were
performed at eight, approximately equally spaced , data rates
from 500 Mbit/s up to maximum achievable 3.45 Gbits/s. Due
to the finite width of SiPM output pulses and other transient
effects, the system suffers from inter-symbol interference and
therefore DFE was often employed before the BER was
calculated. The irradiance from the transmitter was varied,
using the polarizer, until a BER of 10 was achieved at each
data rate. Finally, the irradiance at the SiPM receiver was
measured by replacing the SiPM with an 818-SL calibrated
photodiode.

The data rates with BERs of 107 at various irradiances are
shown in Fig 4. The first conclusion from these results is that
without equalization the maximum achievable data rate is
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Fig. 4. The maximum achievable OOK data rate in 500 lux of ambient
light for a white LED, as a function of average irradiance from the
transmitter when DFE is used to achieve a BER of 107,
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approximately 1 Gbit/s. In addition, the results demonstrate that
in a region where neither of the SiPMs are saturated, the 30035
requires a lower irradiance than the 30020 to achieve the same
data rates. This is because the 30035 has a slightly better photon
detection efficiency than the 30020. However, for data rates
more than 2 Gbits/s, saturation begins to have an impact of the
30035’s performance and the 30020 supports higher data rates
at the same irradiance. At data rates above 2.5 Gbits/s saturation
begins to affect the performance of the 30020.

The 30020 data rates between 1 Gbit/s and 2 Gbits/s suggest
that the irradiance, and hence count rate, must increase by a
factor of approximately 10 to increase the data rate by
1.5 Gbits/s. Since the maximum count rate of the 30020 is 4.1
times higher than the 30035 this observed trend suggests that
the maximum possible data rate achievable by the 30020 should
be 0.92 Gbit/s more than that achievable by the 30035. The
similarity between this prediction and results in Fig 4 shows
that the 30020 supports a higher maximum possible data rate
because it has a higher maximum count rate.

The results in Fig. 4 were obtained when a filter was used to
reject ambient light. However, the filter restricts the field of
view of the receiver. The BER when the 30020 is used in the
receiver has therefore been measured in 500 lux of ambient
light and with an average irradiance from the transmitter of
500 mWm2, At each data rate experiments were performed
with and without the optical filter. The results in Fig 5 show that
under these conditions the optical filter has little effect on the
performance of the receiver. This is because, to maintain a high
bandwidth, the laser diodes modulation depth is limited. This
limited modulation depth and the sensitivity of the SiPM to
shorter wavelengths mean that the count rate from ambient light
is much smaller than the count rate from the transmitter.
Consequently, under these conditions removing the filter only
reduces the data rate at which a BER of 107 can be achieved
from 3.45 Gbits/s to 3.2 Ghits/s.

The results in Fig. 4 were obtained with the BER of 107,
However, the performance of VLC systems have previously
been reported at BER of 2x10°[6] and 3.8x107%[7-9]. The
results in Fig. 5 show that with a BER of 2x107 the data rates
without and with the optical filter are 3.4 Gbits/s and 3.6 Gbits/s
respectively. However, a more commonly used BER when
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Fig. 5. The BER as a function of data rate when the irradiance from the
405 nm laser diode is 500mWm?? in the presence of 500 lux of ambient
white light both with and without a 405nm optical bandpass filter.

VLC receiver performances are reported is 3.8x10-3[7-9]. If this
BER is acceptable then the maximum possible data rates are
3.6 Gbits/s, without the filter, and 3.8 Gbits/s, with the filter.
More importantly, the BER at which results are reported makes
only a relatively small difference to the maximum achievable
data rate.

V. CONCLUSION

A relationship between the current needed to maintain the
SiPM’s bias voltage at different irradiances has been shown to
agree with experimental data. In addition to clearly showing the
impact of the saturation of the SiPMs response this relationship
can be used to determine the power consumed by the SiPM.

Results have been presented which show that increasing the
maximum count rate of a SiPM by a factor of 10 will increase
the maximum achievable data rate by 1.5 Gbits/s. This
observation explains why the higher maxumum count rate of
the 30020 means that, at a BER of 1073, it can support data rates
up to 3.45 Gbhits/s. Further work is required to create SiPM
receivers with higher maximum count rates so that they can
support OOK data rates of more than 5 Gbits/s in 500 lux of
ambient light. Their increased count rate will also make them
more robust than other SiPMs to the high peak powers that
occur when orthogonal frequency-division multiplexing
(OFDM) is the preferred modulation scheme.
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