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Abstract— A silicon photomultiplier (SiPM) could be used to
create visible light communications receivers whose sensitivity is
determined by shot-noise. However, its finite output pulse width
will limit its bandwidth and its recovery time and dark count rate
could limit its sensitivity. In this paper, a method of accurately
determining the signal levels needed to transmit data in a
shot-noise limited system using PAM is described. In addition, a
method of estimating the additional power needed to use equali-
sation to overcome inter-symbol interference caused by the finite
output pulse width of SiPMs is described. The best way to achieve
more than 1 Gbps with this type of receiver and how to select the
best available SiPM as a receiver are then discussed.

Index Terms— SPAD, APD, VLC, SPAD-based receivers, Visible
light communication, optical wireless communication

I. INTRODUCTION

The increasing demand for indoor radio frequency wireless
communications capacity has stimulated interest in using other
parts of the electromagnetic spectrum for wireless communi-
cations. Ideally, this alternative spectrum would be unlicensed
and provide a high data rate. For these reasons, there has been a
rapidly growing interest in employing the visible part of the
electromagnetic spectrum for wireless communications [1-3].

The overall capacity of any visible light or optical wireless
communications channel will be partly determined by the sig-
nal to noise ratio of the received signal. Consequently, some
receivers incorporate an avalanche photodiode (APD) that
amplifies the detected signal using avalanche multiplication.
Unfortunately, this process also generates excess shot noise in
the APD and this reduces the maximum available signal to
noise ratio. An alternative method of increasing the signal to
noise ratio of a receiver is to operate an APD above its break-
down voltage and place it in series with a quenching device,
such as a resistor, to create a single photon avalanche diode
(SPAD) [4,5]. Results obtained using optical receivers that
incorporate arrays of SPADs (now known as silicon photo-
multipliers (SiPMs)) have been previously reported [6-10].
More recently, it has been suggested that receivers containing
SiPMs will be more sensitive than receivers containing APDs if
the photon detection efficiency (PDE) of the SiPM is higher
than 14% [11].
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As a result of continuing improvements in manufacturing
processes, SiPMs are now available with PDEs significantly
higher than 14%. Incorporating these devices rather than an
APD in a receiver is therefore expected to improve the sensi-
tivity of the receiver. However, SiPMs are available with dif-
ferent active areas, PDEs and number of individual SPADs per
unit area. This means that a receiver designer has to be able to
select a particular type of SiPM from those that are available
and estimate the performance of a receiver containing the se-
lected SiPM. In addition, if SiPMs become an integral part of
VLC receivers, their manufacturers will be interested in opti-
mising their performance for this large potential market. To
help future SiPM and receiver designers this paper describes
various non-ideal aspects of SiPM behaviour and ways to de-
termine their impact on the performance of VLC receivers that
incorporate a SiPM.

Section Il introduces the SiPM used in experiments and the
results of experiments to determine the impact of recovery time
on the linearity of this device. Section Il then contains a de-
scription of the calculation of the signal levels needed for
4 PAM when the dominant noise source is shot (Poisson) noise.
Results that demonstrate the accuracy of these calculations are
presented in section IV. The results of experiments to deter-
mine the impact of the finite output pulse width of SiPMs are
described in Section V. In section VI the relative merits of
achieving data rates of more than several hundred Mbps using
OOK and PAM are discussed. The method developed to quan-
tify the effects of recovery time, dark counts and the width of
output pulses on the signal intensity needed to transmit data is
then described in Section VII. The results obtained using this
method to predict the performance of a SiPM receiver are
presented in section VIII. Conclusions are drawn in section IX.

Il. CHARACTERISATION OF THE SIPM

The impacts of the recovery time, dark counts and finite
output pulse width of an SiPM have been investigated using a
$12571-010C SiPM [12] within a C11209-110 Multi-Pixel
Photon counter (MPPC). The SiPM in this MPPC uses passive

Table | Parameters for the C11209-110 MPPC which incorpo-
rates a S12571-010C
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Area 1mm
Pitch 10 um
Number of SPADs 10

Fill Factor 33%
Typical Dark Count Rate 100 kHz
Maximum Dark Count Rate 200 kHz
Amplifier Cut-Off Frequency 40 MHz
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Fig.1. A schematic diagram of the experiment used to characterize the
SiPM and transmit data to the SiPM.

quenching and a common output. In addition to the SiPM the
MPPC contains a high speed amplifier that amplifies the signal
from this common output. The critical performance parameters
of the MPPC are listed in Table I.

Since each individual SPAD in a SiPM is inactive during its
recovery time, the existence of a recovery time will lead to a
non-linear SiPM response. The recovery time has therefore
been measured using the experimental set-up, shown in the
schematic diagram in Fig. 1, which was also used for data
transmission experiments described later in this paper.
The.light source used in this setup was a RC650 RCLED that
emits 650 nm light. The signal emitted by this RCLED was
determined by the voltage generated inside an Agilent 81150
arbitrary wave form generate (AWG) that was controlled by a
computer. In order to reduce the effects of ambient light on
subsequent data transmission experiments a 650 nm band-pass
optical filter, with a 40 nm wide passband, was placed over the
active area of the SiPM within the MPPC. A 12-bit oscilloscope,
LeCroy HDO6014-MS, was then used to capture the output
signal from the MPPC. Finally, the captured signal was pro-
cessed offline within a computer.

To determine the impact of the recovery time on the SiPM
response the optical power incident on the SiPM was varied.
The average number of photons detected in 10 ns was then
determined at each of these power levels. The results obtained
from this experiment, Fig. 2, show the expected non-linear
relationship between the measured output and the optical power
falling on the active area of the SiPM. For VLC applications
saturation of the SiPM response should be avoided and so Fig 2
shows the experimental results up to the optical power level at
which saturation occurs.

Two models of the non-linear response of a SiPM have been
described previously [13,14]. However, it has been shown that
both models give similar results before saturation occurs[14]
and so the simpler paralyzable model can be used to predict the
response of an SiPM.

The impact of the SiPM recovery time on its response de-
pends upon the rate at which photons arrive at the SiPM. For a
SPAD with an area Aspap and photon detection probability,
PDP, and light intensity L, with an average photon energy E,,
the rate of arrival of photons, 4;,,, is

Ain — LXASP£DXPDP (1)
p
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Fig.2. The measured effect of recovery time on the linearity of the MPPC
compared to the paralyzable model of this effect.

The paralyzable model then predicts that for a recovery time
Trorar the number of photons detected in time T is [14]

— —Ain XT;
Nout_total _NSPADSTAine in”*total (2)

where Ngpaps 1S the number of individual SPADs in the SiPM.
The maximum count rate is then

— Nspaps 3)

Cmax
Ttotal X €

In addition to the experimental results Fig. 2 shows the best
fit of the paralyzable recovery time model to the data. This fit
shows that the recovery time of this SiPM is 31 ns and its
maximum count rate is 119 Gcounts/s. The results show that
the non-linear response of the SiPM can be accurately
predicted. In addition, the maximum count rate means that the
ratio of the number of SPADs in a SiPM to their recovery time
is an important performance parameter for VVLC applications.

I1l. CALCULATION OF PAM SIGNAL LEVELS

A second non-ideality of SiPMs is the dark counts that are
additional to any counts from ambient light which create a
minimum background count rate. For a particular background
count level several different combinations of PAM levels will
achieve the same BER. The optimum choice of PAM symbol
levels to achieve the highest sensitivity (i.e. the minimum
number of photons per bit) have been found by calculating the
BERs for more than 4500 possible combinations of PAM levels
at different background counts per bit. The results in the sec-
ond and third rows of Table Il show that this exhaustive search
leads to a set of levels with slightly fewer photons per bit than a
previous limited search [15]. Furthermore, inspection of the
distribution of errors in the best combinations of levels shows
that the errors between neighbouring levels are typically at least
10 orders of magnitude larger than errors between other pairs of
levels. This suggests that the overall BER can be reduced by
using a Gray code rather than a simple binary code. A com-
parison of the third and fourth rows of Table Il shows that the
use of Gray coding results in a small reduction in the number of
photons per bit.



Table Il The average number of photons per bit needed to support 4 PAM
in the presence of 4 levels of background counts per bit. Each row corre-
sponds to a different method of calculating this average and/or the use of
Gray coding of the two bits. (The numbers in brackets are the equivalent

number of attoJoules per bit)

Background counts 1 10 50 100
per bhits

Photons per bits 242 | 39.6 | 811 | 1226
(limited search) [15] | (7.37) | (12.1) | (24.7) | (37.3)
Photons per bit 21.2 36 74.2 | 112.7
(exhaustive search) | (6.46) | (11.0) | (22.6) | (34.3)
Svﬁf;‘g‘fasegotgltﬁg 203 | 346 | 722 | 1103
(exhaustive search) (6.18) | (10.5) | (22.0) | (33.6)
Svﬁf;‘g‘fasegotgltﬁg 204 | 350 | 726 | 1108
(evenly distributed) | (&-21) | (10.7) | (22.1) | (33.7)

The distribution of errors also suggests that when Gray
coding is used the 4 PAM BER is the sum of the BERSs between
neighbouring levels. The BER between two neighbouring lev-
els is the same as the BER when these two levels are using in
OOK. Furthermore, it has been observed that the BERs be-
tween neighbouring levels should be equal, which means that
the BER between neighbouring levels should be one third of the
BER for 4 PAM. An efficient strategy for finding good com-
binations of levels for 4 PAM is therefore to start with the
lowest level represented by the number of background counts
per bit. The higher OOK level that achieves the required BER
between neighbouring levels is then calculated. This higher
level is then the second PAM level which becomes the lower
level when the third level is calculated. Finally the third level
becomes the lower level and the final level for 4 PAM is cal-
culated. As shown by the last two rows in Table Il the differ-
ences between the results of the two methods of calculating the
levels are approximately 1%. The differences are therefore
smaller than the variations that are expected between the out-
puts of different laser diodes or LEDs. This simpler strategy of
determining PAM levels therefore gives acceptable approxi-
mations to the optimum results.

Fig. 3 shows the 3 signal levels of 4 PAM required to
maintain a target BER of 107 at different background counts
per symbol time. Since for a SiPM the dominant noise source is
proportional to the signal level the higher signal levels are more
widely separated than the lower levels. In addition, all the
symbol levels increase in response to an increasing number of
background counts. Furthermore, their dependence upon
background counts is similar to the equivalent results for OOK
[11]. One observation from Fig 3 is that the impact of back-
ground count is negligible when the number of background
counts within a symbol period is one fifth of the probability that
no photons are detected within a symbol period when a 1 is
transmitted. Most importantly, the results in Fig. 3 show that
the number of photons per bit required to obtain a specific BER
increases less rapidly than the number of background counts.
This suggests that, if the number of background counts is
dominated by ambient light, increasing the area of a SiPM will
reduce the signal intensity (Wm) needed to transmit data.
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Fig. 3. The calculated number of detected pho tons per symbol needed
to transmit the three highest levels of 4PAM at different numbers of
background counts per symbol.

IV. VERIFICATION OF 4 PAM LEVELS

The PAM levels in Fig 3 were calculating assuming that in-
ter-symbol interference (ISI) caused by the finite width of the
SiPM output pulses is negligible. In order to confirm the ac-
curacy of the results in Fig 3 the 4 PAM levels needed to
transmit 2 Mbps were determined experimentally. This rela-
tively low data rate was chosen so that the symbol time, 1 s,
was much longer than the SiPM output pulse width, 10 ns, so
that ISI is negligible.

The 4 PAM levels needed to transmit 2 Mbps with a BER of
10" have been determined using the experimental setup shown
in Fig. 1. In these experiments the first step of the off-line
processing was to synchronise the received signal with the
transmitted signal. After synchronisation the number of de-
tected photons within each symbol period was determined by
summing the sampled signals in each symbol period. The re-
sulting sum was then converted to an estimate of the corre-
sponding number of photons by dividing the result by a con-
stant that represented the summed signal from one photon.
These photon counts were then converted to the corresponding
4 PAM symbols using optimum decision thresholds before the
4 PAM symbols were converted to a pair of bits. The result
stream of bits was then compared to the transmitted bit stream
so that the BER could be calculated.

The results in table 111 show that although photons are being
counted the measured symbol levels are not those calculated
assuming Poisson statistics. In fact, the highest symbol level is
17% higher than the estimated level. However, very accurate
estimation of 4 PAM levels relies upon detailed knowledge of
the noise associated with varying levels of optical power. The
distributions of photon counts within 1 ps were therefore
measured at 10 different light levels. The results of these ex-
periments showed that the error functions that represented the
measured data most accurately where

1 —0.95%
Pe(l - 1|Lx) = erfc (’;_75*0 é) 4)

1 0.925%u—
Pe(l+1|,x) = Eerfc (T:ﬁx)

©)



Table 11l A comparison of the estimated and measured numbers of
photons per level and the average number of photons per bit needed to
transmit 2 Mbps with a BER of 10 in the dark. (The numbers in brackets are
the equivalent number of attoJoules)

Level | Level | Level | Average
1 2 3
Measured number 109 | 426 102 19.4
of photons per ' ' '
symbol (3.32) | (13.0) | (31.1) | (5.91)
Photons per symbol 108 | 397 | 868 172
predicted assuming ' ' ' '
POiSSON Noise (3.29) | (12.1) | (26.4) | (5.24)
Photons per symbol 11.0 419 | 996 191
predicted using (4) ) ' ' '
and (5) (3.35) | (12.8) | (30.3) | (5.82)

where p is mean of the photon counts distribution, ¢ is the
standard deviation of the photon counts distribution and both
0.925 and 1.25 are fitting parameters.

The error functions in (4) and (5) determine the BERs
when two light levels are used to transmit OOK data. These
error functions can therefore be used to determine the optimum
4 PAM levels for this SiPM by evenly distrubuting errors
between different pairs of PAM levels. The results obtained
using (4), (5) and the efficient method of determining PAM
levels described in section Il are contained in the last row of
Table 111. A comparison of the second and fourth rows of this
table shows that the measured symbol levels are within ap-
proximately 2% of the levels predicted using the measured
error functions, (4) and (5). The proposed method of deter-
mining the signal levels required to transmit data using PAM is
therefore accurate, and can be very accurate if the error func-
tions of the link are characterised in detail.

V. IMPACT OF OUTPUT PULSEWIDTH

The last important non-ideality of SiPMs is their finite output
pulse width, which will create 1SI when 4 PAM is used to
transmit data rates that are significantly higher than current
WiFi data rates to individual users. For example, when 4 PAM
is used to transmit 200 Mbps the symbol time is shorter than the
duration of the MPPC output pulse and ISI will occur. The eye
diagram in Fig. 4(a) shows that without equalisation the eye is
almost closed. To achieve the target BER, the impact of the ISI
was therefore mitigated using a DFE equalizer [16]. The eye
diagram of the equalised 4 PAM data, Fig. 4(b), confirms that
equalisation opens the eye. These results also show that the
increased noise in the higher PAM levels means that the higher
levels have to be more widely spaced, which means that the
vertical eye opening is larger between the higher levels.

The equalization technique used to open the eye employs
multiple samples of the signal and it therefore increases the
effective noise in the signal. To overcome this additional noise
there is a power penalty associated with using equalization.
This power penalty is the ratio of the power per bit needed to
use equalization when ISI occurs to the power per bit that
would have been required if I1SI didn’t occur. The power pen-
alty required to compensate for ISI when using 4 PAM to
transmit 200 Mbps has been estimated numerically.
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Fig. 4. The eye diagrams before equalisation (a) and after equalisation (b)
when 4 PAM is used to transmit 200 Mbps.

In this numerical method, the received signal y(t) is expressed
as

y(@) = h(t) * x(t) + n(t) (6)

where = is the convolution operator, x(t) is the transmitted
4 PAM symbol, h(t) is the overall channel response and n(t)
is additive noise within the system. In these simulations, the
overall channel response h(t) is obtained by convolving the
temporal responses of the RCLED transmitter and the temporal
response of the MPPC. Both of these temporal responses were
modelled as an exponential decay,

t
h(t) =—e Tc )
Tc
which means that they have an equivalent first order low-pass
response with a bandwidth BW of

1
2xmt*xT ¢

BW =

@)

where T¢ is the equivalent of the RC time constant of a single
pole RC filter. The MPPC has an output pulse width
(90%-10%) of 10 ns, and this definition of the output pulse
width means that the output pulse width is 2.2T¢. This means
that the SiPM has an effective T of 4.55 ns, which corresponds
to a bandwidth of 35 MHz.

The modulation bandwidth of the RCLED is determined by
the current density flowing through it and hence the applied
bias voltage [17]. In 4 PAM, the effective bias voltage changes
for different symbols and as a result, the modulation bandwidth
of the RCLED changes at different symbol transitions. In par-
ticular, characterisation of the RCLED showed that over the
bias range used to transmit 4 PAM data the bandwidth of the
RCLED increases from 40 MHz to 137 MHz. Therefore, in the
worst case scenario, the bandwidth of the RCLED is 40 MHz
for all transitions. In contrast, in the best scenario the band-
width of the RCLED for all the 4 PAM transitions is 137 MHz.

The ISI power penalty required to achieve a target BER of
10 at different RCLED bandwidths using the MPPC and
4 PAM to achieve a 200 Mbps when decision feedback equal-
iser (DFE) has been applied has been estimated. The DFE used
has 10 feed forward taps and 5 feedback taps and the necessary
tap coefficients were estimated using the least mean square
(LMS) algorithm. A comparison of the estimated ISI penalty
for the RCLED and for the RCLED with the MPPC shows that
the ISI is dominated by the response of the MPPC module.
Moreover, these results suggest that the power penalty required



for this system to maintain the target BER of 10 at 200 Mbps
is expected to be between 2.9 and 3.4.
When the power levels needed to transmit 200 Mbps using

4 PAM were obtained experimental they corresponded to 43
photons per bit (13.1 aJ per bit) in the dark. Taking into ac-
count the reduced number of dark counts per bit arising from
the higher data rate this meant that the average power penalty
needed to overcome ISl in the dark was 3.13. The power levels
needed to transmit 200 Mbps using PAM have also been de-
termined in the presence of the ambient light level, 500 lux,
recommended when work involves fine details. At this rela-
tively high ambient light level 200 Mbps could be transmitted
with 4 PAM using 177 photons per bit (53.9 aJ per bit). This
corresponded to a power penalty in 500 lux of 3.37. Both these
power penalties are consistent with the estimated power pen-
alty. These results show that it is possible to estimate the impact
of the finite width of output pulses on the signal levels needed
to transmit data to a SiPM.

VI. METHODS TO INCREASE THE DATA RATE

Results in the previous section demonstrated that data rate of
200 Mbps can be achieved with a SiPM. However, SiPMs are a
new, rapidly developing technology and these developments
offer the prospect of achieving even higher data rates, for ex-
ample 1Gbps.

One example of newer SiPMs are the recently released
S13360 series manufactured by Hamamatsu. These devices
have a PDP higher than 25% and the series includes arrays with
three different pitches between individual SPADs (25 um, 50
pum and 75pm) and 3 total areas (1.69 mm? 9 mm? and
36 mm?). However, according to the parameters listed in [18]
the duration of the output pulses from devices in the S13360
series are several nanoseconds. Unfortunately, these devices
will therefore suffer from inter-symbol interference (1SI1) when
OOK or 4-PAM are used to achieve data rates of 1 Gbps or
higher. Estimates of the increase in power that will be required
by the SiPM to support these higher data rates using OOK and
4-PAM have been obtained using the numerical method de-
scribed in section V. In particular, assuming other components
within the system have sufficient bandwidth, which may mean
using a microLED[19] as the transmitter, (9) has been used to
determine the power penalty required to overcome ISl at dif-
ferent ratios of the symbol rate to SiPM bandwidth.

The results of these calculations are shown as points in Fig. 5.

In addition to the numerical results this figure shows curves that
fit the two sets of data that are described by the equations

1 K, <1
PP={ ae’™+ce™+k 1<r,<2 ©)
pl.r, + p2 r,=>2

where rq, refers to the ratio of the symbol rate to the bandwidth
of the SiPM The best fits to the two sets of results were ob-
taining using the parameters listed in table V. If rg>5, so that
p2 becomes smaller than the first term in the relevant equation,
the power penalty needed to increase the data rate by increasing
the symbol rate will be proportional to the increase in symbol
rate.
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Fig.5. The estimated power penalty needed to employ DFE when the
symbol period is shorter than the output pulse width.

Table IV: Fitting parameters of (9) used in Fig. 5

Fitted parameters 4-PAM OO0OK
a 0.088 0.077
b -1.38 -0.628
c 0.912 0.944
d 0.109 0.101
k -0.01 -0.02
pl 0.19 0.17
p2 0.777 0.827

The bandwidth of the devices in the S13360 series are be-
tween 25 MHz and 58 MHz [18], which means that for OOK
data rates of 300 Mbps or higher ry,>5. This means that using
DFE to increase the OOK data rate beyond 300 Mbps will incur
an additional power penalty that is proportional to the increase
in data rate, e.g. the number of photons per symbol needed to
transmit 900 Mbps will be 3 times the same number needed to
transmit 300 Mbps.

Rather than reducing the symbol time, and hence suffer 1SI,
an alternative approach to increasing the data rate is to retain
the same symbol time but use higher orders of PAM[20]. In
order to assess the practicality of this approach the method
described in section 111 has been used to determine the number
of detected photons needed to represent each level for different
forms of PAM in the presence of different background counts
per symbol.

Using 16 PAM and 32 PAM with the same symbol time as
OOK increases the data rate by a factor of 4 and 5 respectively.
Comparing the ratios in Table V to the additional power pen-
alties incurred by reducing the symbol time for OOK to achieve
the same increase in data rate, 4 and 5 respectively, shows that

Table V: The ratios of the average number of photons per symbol needed
to transmit data using various levels of PAM to the average number of
photons per symbol needed to transmit data using OOK.

Background | 0.001 | 0.01 0.1 1 10 | 100
counts per
symbol

4 PAM 3.9 3.5 3.2 2.6 18 | 13

8 PAM 200 | 173 | 146 | 106 | 58 | 2.7
16 PAM 87.6 | 739 | 612 | 423 | 200 | 6.8
32 PAM | 3579 | 298.4 | 244.6 | 164.6 | 72.7 | 20.5




using these high levels of PAM is not a power efficient strategy.
Similarly, the results in Table V show that tripling the data rate
using 8 PAM is only worth considering at high background
counts per symbol. This means that for these devices the two
modulation schemes that are most useful are OOK and 4-PAM.
However, 4-PAM should only be considered when operating
with high numbers of background counts per symbol.

VIl. METHOD OF PREDICTING RECEIVER
SENSITIVITY

To support a data rate of 1 Gbps or higher using OOK the
symbol time has to be less than or equal to 1 ns. According to
the parameters listed in [18], symbol times of 1 ns or less are
much shorter than the recovery time of the S13360 series. The
recovery time determines the number of available SPADs
within a SiPM and hence the effective PDE of the SiPM. For
VLC applications, only count rates less than the maximum
count are usable. As previously highlighted by the results in
Fig 2 the paralyzable recovery time model can be used to cal-
culate the effective PDE which is expressed as

PDEysf = PDEpqy X €xp(— Ng/CaxeT) (10)
where PDE is the PDE of the SiPM listed in the relevant data
sheet, N, is the average number of SPADs fired within a symbol
duration, T, and C,,. is the maximum count rate of the device.

Another important factor needed to determine the sensitivity
of a SiPM receiver is the background counts per symbol, which
is a combination of dark counts and detected ambient light
photons. The density of background photons per second inci-
dent on a 1 mm? detector from a range of lighting sources [21],
each generating 500 lux of ambient light, has therefore been
estimated. These estimates showed that a receiver will suffer
from the minimum number of background photons when data is
transmitted at wavelengths of approximately 410 nm. This
suggests that these receivers should be used at these short
wavelengths, where they also have a relatively high PDE. The
combination of a band-pass filter 400FS40-50, which has a 40
nm bandwidth at 400 nm central wavelength and a 45%
transmission, with a 24-degree FOV, means that a device with
an active area of 1 mm?® will typically experience 1.5x10°
counts per second. In contrast the highest dark count rate for
this series of devices is 7x10° counts per second per mm? and
hence the dark count rate is negligible. This means that for a
SiPM with an active area A and fill-factor FF, the number of
detected background counts within a symbol time T can be
calculated using

N,,=%><T><A><1.5><109

11)

The other factors that determine the sensitivity of a SiPM
receiver will be the maximum PDE, maximum count rate and
bandwidth of the SiPM. SiPM devices that contain larger indi-
vidual SPADs have a higher maximum PDE, but, smaller
maximum count rates and bandwidths. To determine the sig-
nificance of these competing factors the signal intensities re-
quired to transmit data to devices from the S13360 series using
OOK have been estimated.

Input (A, FF, PDEyrr= PDEpqx
s tgeaq pulse time, T, target BER, Neoeqr )

equation (12)
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Fig.6. A general method to estimate the sensitivity of a SiPM.

A flow-chart representing the method used to estimate the
signal intensity required by a SiPM to achieve a target BER, is
shown in Fig 6. This method starts with the symbol time T, the
target BER, the ambient light level and the specification of the
SiPM of interest. The number of signal photons per symbol N;
is calculated using (9) and (11) and the Poisson model [11]. In
the first iteration these calculations use the PDE for the SiPM
from the data sheet. However, since during normal operation
some SPADs in the SiPM will be recovering these results are
used to estimate the effective PDE using (10). This effective
PDE is then used to calculate better estimates of the number of
background and hence signal counts per symbol. As long as the
SiPM remains unsaturated this iterative process converges and
so it is continued until the effective PDE becomes stable, which
is defined as changed by less than 1%. Once the calculation
converges the effective PDE and the number of signal photons
per bit can be used to determine the power needed to transmit
data at a particular rate in the specified ambient conditions.

VIIl. PREDICTED PERFORMANCE WITH OOK

The method described in section VII has been used to esti-
mate the optical signal intensity needed to transmit data to
various devices from the S13360 series at different OOK data
rates. Fig. 7 shows the estimated optical signal intensity needed
to transmit OOK data to some SiPMs in this series with a BER
of 10 in the presence of 500 lux (specifically 1.5x10° back-
ground counts per second per mm?). As expected, the finite
bandwidth of each type of SiPM means that the optical intensity
needed to transmit data to it increases rapidly once the symbol
rate is more than twice the bandwidth. Consequently, the
maximum data rate that can be received by the SiPMs with the
smallest number of SPADs is limited by their maximum count
rate. Furthermore, these results confirm that, because the
number of photons needed to transmit data in increasing levels
of background light increases less rapidly than the number of
detected background photons, see Fig. 3, SiPMs with the larg-
est active areas are more sensitive. Overall, the results show
that the best choice of SiPM is one with a large area containing
small individual SPADs. In the case of the S13360 series this
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Fig.7. Signal intensities required by the SiPMs in S13360 series to achieve a
BER of 1072 in the 500 lux ambient light condition at different OOK data rates.
In this figure the solid lines with different symbols represent the results from
the devices in this series with the smallest total areas but different diameter
SPADs whilst the lines with open circle symbols represent the SiPMs with the
smallest diameter SPADs but different edge lengths and hence total areas.

means that the best choice of SiPM is the S13360-6025CS,
which has an area of 36 mm? and a pitch of 25 pm.

The results in Fig. 7 show that the S13360-6025CS is ex-
pected to support 1 Gbps with a BER of 10 when the signal
intensity is 4 mMWm. This data rate and BER have previously
been achieved when a microLED, with a bandwidth of
833 MHz, was used as the transmitter and the receiver was a
commercial PIN photodiode with a bandwidth of 1.4 GHz [19].
However, to achieve this data rate this receiver required more
than 100 Wm™. When receiving 1 Gbps a future SiPM based
receiver could therefore be at least 4 orders of magnitude more
sensitive than a receiver containing a PIN photodiode.

Operating an ideal SiPM at higher data rates will require
higher optical powers to maintain the same number of counts
per bit. In addition, for these SiPMs increasing the data rate
will increase the power penalty needed to overcome ISI. A
combination these two effects and their maximum count rate
will limit this generation of SiPMs to data rates of a few Gbps.

However, this is a new technology and future developments
could significantly increase the achievable data rate. For ex-
ample, integrating SiPMs with digital counters will result in a
receiver with digital outputs which will not suffer from the ISI
caused by the output pulses of the current device generation.
When this type of SiPM device becomes commercially availa-
ble it should be possible to support data rates of more than
10 Gbps.

IX. CONCLUSIONS

In this paper, it has been demonstrated that a 200 Mbps data
rate can be achieved using a conventional SiPM in the VLC
receiver under the typical ambient light condition. To the best
of the authors knowledge this is the highest data rate achieved
using this type of receiver in a VLC link operating in ambient
light using 4 PAM.

In addition, to achieving this data rate this system has been
used to highlight the importance of the maximum count rate of
a SiPM when it is used in the receiver and to validate an effi-
cient method of determining the signal levels needed to support

PAM when the dominant noise source is shot (Poisson) noise.
Most importantly, it has been used to validate methods to
quantify the effects of important SiPM characteristics including
the SPAD recovery time and the ISI caused by the finite width
of the output pulses from this generation of SiPMs.

The additional power needed to increase data rates to S13360
series SiPMs beyond 300 Mbps by supporting PAM or reduc-
ing the OOK symbol time were compared. This comparison led
to the conclusion that high levels of PAM are not a good means
of achieving these higher data rates. In fact OOK is usually the
best choice of modulation scheme for SiPM-based receivers.

The methods of quantifying the impact of various phenom-
ena, validated in the paper, were then combined to create a
method of determining the optical signal intensities needed to
transmit data to SiPMs using OOK. The results showed that the
best type of SiPM to use in receivers is one with a large total
area containing small SPADs. In fact, with the best SiPM in the
S13360 series it should be possible to transmit 1 Gbps with a
transmitted optical power intensity that is 4 orders of magnitude
smaller than the optical power intensity needed to achieve the
same performance with a receiver containing a PIN photodiode.
Further work is needed to confirm these predictions and to
explore the possibility of achieving even higher data rates.
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