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Abstract: Silicon photomultiplier’s relatively large area and ability to detect single photons makes
them attractive as receivers for optical wireless communications. In this paper the relative im-
portance of the non-linearity and the width of the SiPMs fast output on their performance in receiv-
ers are investigated using Monte Carlo simulations. Using these results the performance of receivers
containing different SiPMs is estimated. This is followed by discussion of the potential performance
of arrays of existing SiPMs. Finally, the possible dramatic improvements in performance that could
be achieved by using two stacked integrated circuits is highlighted.

Keywords: Visible Light Communications, Optical Wireless Communications, SiPM, Monte
Carlo Simulations

1. Introduction

Optical wireless communications (OWC) and visible light communications (VLC)
systems are being investigated as a way to increase local wireless communications capac-
ity [1]. An important performance parameter for any communications system is the bit
error rate (BER), which depends upon the signal to noise ratio (SNR) at the receiver’s out-
put. An approach to increasing the SNR of an OWC or VLC system is to use silicon pho-
tomultipliers (SiPMs) in the receiver [2-18]. These devices are arrays of microcells, con-
taining a single photon avalanche diode (SPAD), that are designed so that an output pulse
is generated whenever an avalanche event occurs. Since a single photon can initiate an
avalanche these microcells can detect individual photons. It is this ability to detect pho-
tons which means that the sensitivity of a SiPM receiver is expected to be limited by Pois-
son statistics.

When on-off keying (OOK) is used the number of detected photons per bit when a
zero is received determines the average number of photons per bits required to achieve a
particular BER. Since avalanche events can be initiated in the dark, at a rate known as
the dark count rate (DCR), existing SiPMs are particularly suited to data rates of more
than 100 Mbps. Consequently, SiPM receivers have been shown to operate within a few
photons per bit of the noise floor determined by Poisson statistics [5]. Unfortunately, after
a microcell has detected a photon the avalanche event has to be quenched by reducing the
voltage across the avalanche photodiode (APD) in the microcell. The microcell then has
to be recharged and this means that the SiPM has a non-linear response [4].

The performance of receivers containing commercially available SiPMs can be deter-
mined experimentally [3-7, 9-18]. Ideally, the results of these experiments could be used
to inform the selection of the best SiPMs from amongst those that have different charac-
teristics. Unfortunately, the transmitter can have a significant impact on any experi-
mental results. Furthermore, it can be very difficult to separate the impact of the SiPMs
bandwidth and its non-linear response. Recently, these problems led to the development

Sensors 2022, 22, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/sensors

@ g o »a

10
11
12
13
14
15

16
17
18

19

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45



Sensors 2022, 22, x FOR PEER REVIEW 2 of 22

of a Monte Carlo simulator [19]. The parameters in this simulator were obtained from
either the relevant data sheet or experimental results. Then the results of the simulator
were validated by comparing them to results of experiments into the impact of ambient
light on the performance of receivers [19].

The aim of this paper is to use this Monte Carlo simulator to compare the impact of
the SiPMs non-linearity and bandwidth on their performance in receivers. The results of
this comparison are then used to estimate the performance of commercially available
SiPMs when the data is represented by OOK. Guidelines on the selection of SiPM for use
in receivers have been published previously [20, 21]. However, both of these papers as-
sumed that the modulation scheme was orthogonal frequency division multiplexing
(OFDM) which isn’t as energy efficient as OOK [22]. Furthermore, it was assumed that it
is possible to increase the area of the SiPM without changing any other parameters. In
contrast, this paper concentrates upon OOK. In addition, the data sheets of SiPMs show
that increasing the area of a SiPM has a significant negative impact on the width of the
SiPM'’s fast output pulses and hence its bandwidth. Fortunately, there is a method of com-
bining SiPMs so that they act in parallel but retain their bandwidth. The results of the
simulation are therefore used to investigate the impact of using multiple SiPMs in parallel
in a receiver. Finally, a review of the recently developed technology leads to the conclu-
sion that using two stacked integrated circuits to make SiPMs will dramatically increase
the data rates that can be supported.

This paper is organized as follows. Section 2 contains a list of the important charac-
teristics of commercially available SiPMs. This is followed by a brief justification of some
assumption made when constructing the Monte Carlo simulator and a description of the
small changes that have been made to the simulator previously reported in detail [19].
Section 3 then starts with a discussion of the BER of an OOK signal when the number of
detected photons per bit is determined by Poisson statistics. This section also contains
evidence that the equation that represents the SiPM non-linearity, previously observed in
the presence of ambient light, is also relevant when high irradiances are used to transmit
OOK data. Finally, the section contains a discussion of inter-symbol interference (ISI)
caused by the SiPMs output pulses and the resulting increase in the rate at which photons
need to be detected at different data rates. Section 4 then contains a discussion of the im-
pact of the SiPMs non-linearity and the width of SiPM’s fast output pulses. This discussion
includes a suggested method of determining the data rate at which each of these phenom-
ena will become important for each SiPM. However, results show that SiPMs with a high
maximum count rate can support data rates that are significantly higher than these two
data rates. A method which allows SiPMs to be used in parallel, and the possible conse-
quences of using this method, are then discussed. This is followed by a discussion of the
possible advantages of using 850 nm transmitters rather than 405 nm transmitters. The
possible performance of a stacked receiver is then discussed. Finally section 5 contains
some conclusions from this work.

2. Materials and Methods
2.1 Characteristics of Commercially available SiPMs

SiPMs are available from AdvanSiD, Broadcomm, First Sensor, Hamamatsu and onsemi.
All these manufacturers supply SiPMs that contain arrays of microcells, with each micro-
cell containing an APD in series with a resistor. These microcells are connected in parallel
and biased above the breakdown voltage of the APDs. This means that if a photon initiates
an avalanche event in a microcell the resulting current causes a voltage drop across the
resistor. The resulting reduction in the voltage across the APD then quenches the ava-
lanche event. The capacitance within the microcell is then recharged until the bias voltage
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Table 1 Key parameters for the three series of commercially available SiPMs

manufactured by onsemi [23-25]

Maximum Fast
. Recovery PDE
Area | Pitch | Number ) Count Output
Name Time at
(mm?) [ (um) | of pcells Rate Pulse
(ns) 405nm .
(Geps) Width (ns)
RB10010 1 10 4296 12 162.7 0.1 2.3
RB10020 1 20 1590 21 34.4 0.11 2
RB10035 1 35 620 73 3.9 0.12 3.7
C10010 1 10 2880 5 261.8 0.17 0.6
C10020 1 20 1296 23 25.6 0.29 0.6
C10035 1 35 504 82 2.8 0.39 0.6
C30020 9 20 10998 23 217 .4 0.29 1.5
C30035 9 35 4774 82 26.5 0.39 1.5
C30050 9 50 2668 159 7.6 0.44 1.5
C60035 36 35 18980 95 90.8 0.39 3.2
J30020 9 20 14410 15 436.7 0.38 1.4
J30035 9 35 5676 45 57.3 0.46 1.5
40035 16 35 9260 48 87.7 0.46 1.7
60035 36 35 22292 50 202.7 0.46 3

across the APD is restored. During this recovery time the microcells ability to detect pho- 95
tons is reduced [19]. Consequently, the need to recharge the microcells creates a non-linear 96
SiPM response [19]. An important difference when selecting SiPMs for receivers is that 97
onsemi creates an output which is capacitively coupled to each microcell. It is this capac- 98
itive coupling that creates fast output pulses on this second output. These narrower, fast 99
output pulses are typically an order of magnitude narrower than the output pulses on 100
other SiPMs. Since this significantly reduces ISI at higher data rates the SiPMs from on- 101
semi have often been used to create receivers [5-7, 10-18]. 102
Onsemi produce three series of SiPMs. The C and | series are manufactured on p-on- 103
n substrates [26] and have a peak PDE at approximately 425 nm. The difference between 104
these two series is that the ] series use a through silicon via (TSV) process to minimize the 105
dead space between microcells. In addition, onsemi produce the RB series of SiPMs. Un- 106
like the other two series the RB SiPMs are manufactured using an n-on-p substrate [26]. 107
This change in substrate means that the RB devices have a peak PDE at approximately 108
600 nm. The important parameters for the RB, C and ] series SiPMs sold by onsemi were 109
obtained from the relevant data sheets and are listed in Table 1. In this table the PDE at 110
405 nm has been listed because this is the wavelength that has been used to reduce the 111
impact of ambient irradiance from white LEDs [12]. 112
The data for the C and J series devices with the same area and microcell size, for exam- 113
ple the J30035 and C30035, shows that the TSV process increases the SiPM PDE and num- 114
ber of microcells and significantly reduces its recovery time. This means that when the 115
transmitter operated at 405 nm the ] series has been favored [5-7, 10-12, 14-15, 17-18]. 116
As expected, within any series of SiPMs reducing the microcell size increases the num- 117
ber of microcells per unit area. However, the data in Table 1 shows that it also reduces the 118
PDE. The higher PDE of the larger microcells is an obvious advantage. However, theneed 119
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to recharge microcells after quenching creates a non-linear response. This means that at 120
higher photon count rates a larger number of microcells will be more important than the 121
PDE. The best choice of microcell size will therefore depend upon the expected count rate 122
of photons. 123

Most importantly, in free space, a transmitter generates particular irradiances at differ- 124
ent relative locations [12]. The irradiance required to support a particular data rate and 125
BER is therefore the most important performance metric for free space receivers. For any 126
irradiance a larger SiPM will detect more photons from the transmitter. Using a larger 127
area should therefore improve the receiver’s performance. However, the data in Table 1 128
shows that increasing the area of a SiPM also increases its fast output pulse width. This 129
means that smaller SiPMs are expected to be able to operate at higher data rates before 130
their output pulses cause ISI. The trade-off in pairs of characteristics such as number of 131
microcells per unit area and PDE or SiPM area and fast output pulse width have been 132

investigated by numerical simulations. 133
134
2.2 Numerical Simulations 135

Numerical simulations have been performed using a Monte Carlo simulator described 136
in detail previously [19]. This simulator doesn’t include the effects of dark counts, after- 137
pulsing and optical cross-talk. Previously, it was shown that omitted these phenomena 138
from the simulator didn’t impact the ability to predict the impact of ambient light ona 139
SiPM [19]. These phenomena have not been added to the current simulation. In the case 140
of the dark counts this is because, for data rates of 1 Gbps or higher, the dark count rates 141
of the simulated SiPMs are negligible compared to the rate at which photons are detected 142
[19]. Similarly, for the SiPMs that are simulated both the after-pulsing probability and the 143
probability of optical cross-talk are less than 10%. These phenomena might therefore in- 144
crease the irradiance falling on a SIPM required to achieve a particular performance by 145
up to 10%. However, this is a small increase compared to the impact of the non-linearity 146
and finite pulse width that are the subject of the current study. 147

The original implementation of the simulator was used to investigate the impact of 148
ambient light. This meant that photons were detected when a zero was received. In con- 149
trast, the simulations in this paper assume that the SiPM has been protected from ambient 150
light using a filter. This means that when a zero is received the dominant noise source is 151
the noise from the electronics, for example the RF amplifier, in the receiver. After ampli- 152
fication the peak-to-peak voltage for a single avalanche event in a J 30020 SiPM was 153
15 mVpp. Whilst, when the beam from the transmitter is blocked a 5 mVyp (three standard 154
deviations) white noise signal was observed. For the simulations whose results are re- 155
ported in this paper Gaussian white noise with a peak-to-peak amplitude of one third of 156
the peak-to-peak amplitude of an avalanche event was added to the output of the simula- 157

tor before decoding. 158
159
3. Results 160
3.1. Poisson Statistics and BER 161
The dominant noise source in a SiPM receiver is expected to be Poisson noise. If this 162
is the case and an OOK signal is transmitted the BER can be calculated using [6] 163
n (o]

BER = - Z "N ooy +Z Cer. e (1) 164

2|Lug=y K kenp K

where Nr, is the number of additional detected photons per bit whena one is received 165
and N, is the average number of photons detected per bit time when a zero is received. 166
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Figure 1 The number of recieved photons required to represent a logic one, Nry, to
achieve a range of BERs when Ny, = 0. The range of BERs shown is close to the
value of 3.8x10° needed when forward error correction is used to significantly
reduce the final BER. The results obtained with different integer number of
additional photons are shown as black circles. The red line is then a linear fit to the
points.
In addition n; is the threshold used to differentiate a zero from a one. The value of n; 167
that is used is the value which minimizes the BER. 168
One important consequence of equation (1) is demonstrated in Fig 1. The results in 169
this figure show that the BER is very sensitive to the number of detecting photons per bit. 170

In addition, this figure shows a linear fit to the relationship between the BER and Nr, 171
obtained using the linear fitting tool in MATLAB. This fit means that, at least in this range 172

of BERs, the relationship between BER, BER, and , Nry, is 173
174

Nry = — (log10(BER) + 0.33)/0.42 @) 175

176

The relationship between N, and the average value of Nr, determined using the 177
optimum thresholds, are shown in Fig. 2. One important feature of Fig. 2 is that Nr, is 178
independent of N,for small values of N,. The other important feature is that Nr, is 179
proportional to the square root of N, at high values of N,[18]. Previously, these features 180
have been used to predict that, when ISI is negligable, increasing the area of a SiPM by a 181
factor f will reduce the irradiance needed to achieve a particular BER by a factor between 182
f2and f [18]. Unfortunately, the results in Table 1 show that increasing the area of a 183
SiPM also increases the width of the output pulses. This strategy may therefore only be 184
succesful at lower data rates. 185

In the past optical filters have been used to reduce the impact of ambient light. 186
However, these filters won’t protect the SiPM from one non-ideal characteristic of some 187
transmitters. In particular transmitters need a wide bandwidth to support data rates of 188
several Gbps and wide bandwidths are achieved by not turned off transmitters when they 189
are transmitting a zero. The ratio between the transmitters output powers when 190
transmitting a zero, Py, and when transmitting a one, P,, is characterised by the extintion 191
ratio (EXR), 192

193
EXR = P, /P, 3) 194



Sensors 2022, 22, x FOR PEER REVIEW 6 of 22

195

Average Tx Detected photon per bit
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Figure 2 The average number of additional detected photons per bit required to achieve
a BER of 3.8 x 10 when varying numbers of photons per bit are detected when a zero

is being received.

The results in Fig. 3 show that the extinction ratio can have a significant impact on the 196
number of photons per bit needed to achieve a particular BER. Previously, the extinction 197
ratio of a L405P20 405 nm laser diode used to transmit OOK data rates of less than 198
2.4 Gbps, was found to be 15. The impact of this extinction ratio had to be taken into 199
account when predicting the performance a system accurately [18]. However, at lower 200
extintion ratios, for example those less than 5, the number of photons per bit increases 201
very rapidly as the EXR reduces. The EXR of the transmitter could therefore play a key 202

role in determining the performance of a system. 203
3.2 Impact of non-linearity on BER 204
The count rate for a SiPM such as the J30020 can be related to the irradiance of 205
monochromatic light falling on the SiPM, L, by [4] 206
Crate = Ncellsal'/(1 + anL) (4) 207

where N5 is the number of microcells in the SiPM and 7, is a characteristic time. In 208
addition the parameter « is 209
& = (Vo DA/ Ep 6) 20

211
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Figure 3 The impact of the extinction ratio of the transmitter on the number photons

per bit needed to represent a one and achieve a BER of 3.8 x 10-3.

where 1(V,,, 1) is the PDE of the SiPM at a particular over-voltage, ,,, and wavelength, 212
E, is the energy of photon at this wavelength and 4, is the active area of a microcell. 213
Equation (4) was derived assuming that a microcell can’t detect photons for a time, 214
known as the dead-time, whilst it recovers after detecting a photon [4]. This equation has 215
previously been used to explain the relationship between the current needed to sustain 216
the SiPM bias voltage and the monochromatic irradiance falling on the SiPM [11]. 217
However, recent simulations showed that the assumption that a microcell can’t detecta 218
photon during its dead-time isn’t correct [19]. Fortunately, if 7, is approximately 2.2 219
times the recovery time listed in the datasheets and Table 1, (4) can be used to explain the 220
current needed to sustain the SiPM bias voltage. In addition, it has been shown that this 221
non-linear response occurs on the fast output used to create a receiver [19]. 222
Previously, the SiPM’s non-linear response occurred because the SiPM was exposed 223

to ambient light [19]. However, it will also occur at high transmitter irradiances. An 224
important difference between ambient light and light from the transmitter is that the light 225
from the transmitter is modulated. For a J30020 SiPM, at OOK data rates of 1 Gbps or 226
higher 7, is greater than 33 times the bit time. Under these conditions the varying 227
irradiance from the transmitter is expected to be indistinguishable from a constant 228
ambient irradiance. It is therefore expected that the non-linearity observed at high 229
ambient light irradiances will also be observed at higher OOK data rates. If this is the case 230

then the irradiance, Ly;, needed to achieve a particular count rate, Crq¢e, can be 231
calculated by rearranging (4) to give 232

Ly, = Crate/(a(Ncells - Tpcrate)) (6) 233
234
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Figures 4 (a) The BER from a simulation which assumed a fast output pulse width of
zero and when a zero is transmitted there are no detected photons. This means that to
achieve the target BER of 3.8x10? approximately 5.2 photons have to be detected. (b)

The irradiances used to generate the results in Figure 4 (a).

The usefulness of (6) has been investigated using Monte-Carlo simulations. In these 235
simulations the BER achieved at different data rates when the SiPM is assumed to havea 236
linear response were first calculated. Then the BER was calculated when (6) was used to 237
compensate for a non-linearity. The results in Fig. 4 (a) show the simulated BER for a 238
J30020 SiPM with an output pulse width of zero. These results show that if the SiPM is 239
assumed to have a linear response then the target BER is only achieved for data rates less 240
than 1 Gbps. In contrast, using (6) to determine the irradiance needed to achieve the 241
required count rate maintains the BER to less than the target BER up to 100 Gbps. The 242
deviations in BER from the target value arise because (6) isn’t a perfect representation of 243
the non-linearity and the results in Fig. 1 show that the BER is very sensitive to the number 244
of detected photons per bit. Taking these factors into consideration the results in Fig. 4 (a) 245
confirm that the same non-linearity occurs when high count rates arise from either 246
ambient light or high data rates. 247

The irradiances used to obtain the results in Fig. 4 (a) are shown in Fig. 4 (b). These 248
results show that the non-linearity has very little effect for irradiances less than the 249
maximum irradiance that would be available from a 405 nm transmitter in a typical office = 250
[12]. Furthermore, these results indicate the possible impact of the finite width of the fast 251

10° P ; 10°
2 ons ] Pulse Width = 0.3 ns
0.3ns s © © o o 9 O Pulse Width = 0.6 ns DOCCCD
O o06ns o © o © © ¢ O Pulse Width=14 ns Ocofb
' Q 14ns © K
107 f'e} a 10 o
o (o] 5 E OO
g o] @ o
1072 o o 1072 g
opareyel o %
88858 8 o o o o o o & o Y
107 . . 10 - . R R -
0 1 2 3 4 5 107 10° 10
Data Rate (Gbps) Data Rate = Pulse Width
(a) (b)

Figures 5 The BER achieved when 5.2 photons are detected per bit when a one is
transmitted. (a) shows the results at different data rates compared to the ideal result.
(b) shows that the important parameter is the product of the pulse width and the

data rate.
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output pulses. In particular, in previous experiments with a J30020 a data rate of 3 Gbps 252
was achieved at a irradiance of approximately 100 mWm-2[11]. In contrast, the results in = 253
Fig. 4 (b) show that if the width of the fast output pulses is zero a data rate of 50 Gbps 254
could be achieved at this irradiance. These simulation results show that the SiPMs non- 255
linearity isn’t the factor that has previously limited the data rates that have been achieved. 256

257

3.3 Impact of pulse width 258

The impact of the finite width of fast output pulses has been investigated by 259
determining the BER at various OOK data rates. In these simulations the non-linearity 260
was taken into account by using (6) to determine the transmitter irradiance which will 261
generate 5.2 additional photons per bit when a one is transmitted. The results for a pulse 262
width of 1.4 ns were included in these simulations to represent a J30020. The results for 263
this pulse width in Fig. 5 (a) show that the pulse width has an impact of the BER at data 264
rates of less than 1 Gbps. In particular, when the pulse width is 1.4 ns the BER is 102 at 265
approximately 600 Mbps. However, the results in Fig 4 (a) show that the non-linearity 266
doesn’t cause the same BER until approximately 35 Gbps. This confirms that the pulse 267
width has a significant impact on the performance of the J30020. 268

The impact of the ISI caused by the width of the output pulses is expected to depend 269
upon the ratio of the pulse width to the bit time. Since the OOK data rate is inversely 270
proportional to the bit time this is the same as the product of the data rate and the output 271
pulse width. The results in Fig. 5 (b) confirm that the impact of ISI depends upon the ratio 272
between the pulse width and the bit time. Furthermore, the results in Fig. 5 (b) show that 273
the BER only starts to increase rapidly when the pulse width equals the bit time. This 274
means that halfing the width of the fast output pulses will double the data rate at which 275
ISI creates a significant power penalty. 276

3.4 The pulse width penalty 277

The penalty from ISI alone has been determined by simulating a SiPM with the same 278
parameters as a J30020, except that the recovery time was set to 1 ps. This recovery time 279
is significantly shorter than the minimum timestep of the simulations. Consequently, all 280
microcells fully charged at each simulated timestep and the SiPMs response is therefore 281
linear. For each simulation the data rate was set. Then the BER after DFE was evaluated 282
for count rates that achieved BERs between 10 and 102. Linear interpolation and this data 283

10° 10° ¥
- +
= <107
©
5 10° N £ o
o £ +
3 + g 10’ Q
o ® g ®
c 1 L
310 ® ]
8 & G o’
®
o
0@ @
10° -® 10"
0 1 2 3 4 0 1 2 3 4
Data Rate (Gbps) Data Rate (Gbps)
(a) (b)

Figures 6 (a) The count rate penalty required to achieve a BER of 3.8 x10- at data
rates that are high enough for the fast output pulses to create ISI. The parameters for
a J30020 were used to obtain the simulation results shown in black circles (0). The
simulation results shown as red crossed (+) were obtained assuming that the J30020
SiPM had a recharge time of 1 ps, and therefore has a linear response. The irradiance

needed by a J30020 to support these count rate penalties are shown in (b).
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was then used to estimate the count rate that would give a BER of 3.8 x 103. These results 284
were then expressed as a count rate penalty, which is the count rate needed to achieve a 285
BER of 3.8 x10*divided by 5.2 times the data rate, which is the count rate that is expected 286
to achieve this BER. To include the effect of the SiPMs non-linearity this process was then 287
repeated for an SiPM with the same recovery time as the J30020. 288

The results in Fig. 8 (a) show that for data rates less than 2 Gbps, the non-linearity has 289
no impact on the count rate penalty. However, the results in Fig 8 (b) show that the non- 290
linearity increases the irradiance required to obtain the same count rate at 2 Gbps. 291
Furthermore, by 2 Gbps the count rate penalty is approximately 16. This means that the 292
required number of photons per bit when a one is transmitted has increased from 6 at 293
200 Mbps to 82 at 2 Gbps. 294

Some results for the SiPM with the same parameters as a J30020 are missing from 295
Fig. 6 because it wasn’t possible to achieve a BER of 3.8 x10-3at the higher data rates. The 29
results in Fig. 7 shows that at 2.5 Gbps the BER starts to increase as the count rate increases. 297
This creates a minimum BER above the required BER. A minimum BER as the irradiance, 298
and hence count rate, increases has been observed experimentally previously [10]. This 299
previously unexpected behaviour was found to be due to a new form of ISI caused by the 300
SiPMs non-linearity. A comparison between the count rates of these simulations and the 301
maximum count rate of the simulated SiPM suggests that this phenomenon has become 302
important once the count rate is 40% of the maximum count rate. 303

3.5 Improving the agreement between experimental and simulated results 304

Using the parameters of the J30020 created the opportunity to compare the simulation 305
results with experimental results. The possible negative impacts of the transmitters 306
bandwidth and/or extinction ratio would explain simulation results that were better than 307
the experimental results. However, the results in Fig. 8 (b) predict that higher irradiances 308
are required than observed experimentally, e.g. the experimental results gave a data rate 309
of approximately 3 Gbps at 100 mWm2, whilst the simulation results suggests that this 310

0.05 ]
0.04 f i
0.03 |

50,02

m o

q
0.01 o
15 20 25 30

Count Rate Penalty
Figure 7 The simulated BER of a SiPM with the same parameters as a J30020 at

2.5 Gbps.

data rate is impossible. This suggests that the 1.4 ns Guassian pulses used in the simulator 311
are pessimistic. Reducing the fast output pulse width by a factor of 1.5 means that the 312
simulation predicts a data rate of 3 Gbps at an irradiance of 97 mWm?. It appears that 313
reducing the pulse width in the simulator by a factor of 1.5 improves the accuracy of the 314
simulation results. 315

316
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4. Discussion 317

4.1 Previous Published Work 318

Previously, the performance of receivers containing J30020 and J30035 have been com- 319
pared [11]. These two SiPMs have very similar output pulse widths. However, its larger 320
number of microcells and faster recovery time means that the maximum count rate of the 321
J30020 is four times the maximum count rate of the J30035. This significant difference was 322
the motivation for a previous comparison of receivers containing these two SiPMs [11]. 323
This comparison showed that at an irradiance of 100 mWm- changing the SiPM increased 324
the data rate from 2.4 Gbps to 3.0 Gbps. This small increase relative to the increase in max- 325
imum count rate can now be seen to arise from the rapidly increasing count rate penalty 326

at high data rates. 327
328
4.2 Selecting between available SiPMs at 405 nm 329

The results in Fig 4 (a) show that the non-linearity alone begins to impact the achieved 330
BER at 1 Gbps. This corresponds to an average count rate 26 Geps, which is approximately 331
5% of the maximum count rate. This strict definition of the end of the linear regions arises 332
from the sensitivity of the BER to the number of detected photons per bit shown in Fig. 1. 333
However, the sensitivity of BER to the detected photons per bit means that the power pen- 334
alty for higher count rates will be relatively small. This strict definition of the end of the 335
linear regime therefore simply highlights when the transmitter irradiance may need to be 336

increased slightly to achieve the required BER. 337
The simulation results suggest two more important criteria that should be considered 338
when selecting an existing SiPM for incorporation into a receiver. These are: 339

(i) The results in Fig. 6 (a) show that the effects of the non-linearity and the pulse- 340

width are independent if the count rate is less than 40% of the maximum count rate. Even 341
when the pulse-width penalty is negligible the non-linearity would almost double the ir- 342
radiance required to achieve a particular BER. It may therefore be prudent to expect a SiPM 343
to operate with count rates less than 40% of its maximum count rate. 344
(ii) The results in Fig. 6 (a) also show that the count rate power penalty is less than2 345

if the bit time is less than the pulse width. To avoid a significant increase in required irra- 346
diance the transmitted data rate should ideally be less than the data rate whose bit time 347
equals the pulse width. 348
The results that arise from applying these two conditions, Table 2, shows that if they 349

are applied the suggested data rates for the J30020 is less than the maximum data rate that 350
has been reported [11]. This is because, like the C10010 and the C30020, the data rate at 351
which condition (i) is reached for the J30020 is much higher than that required for ISI to 352
double the required irradiance, condition (ii). This means that these SiPMs have the capacity 353
to tolerate an ISI power penalty significantly larger than 2. 354
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Table 2. Two important parameters of the onsemi SiPMs together with the data rates

determined by the two criteria described in the text.

Name Maximum | Fast Output Estimated Data Data

Count Pulse Width Equivalent Rate Rate
Rate from the data | Gaussian Fast (1) (ii)

(Geps) sheet Output Pulse | (Gbps) | (Gbps)
(ns) Width
(ns)

RB10010 162.7 2.3 1.5 12.5 0.7
RB 10020 34.4 2.0 1.3 2.6 0.8
RB 10035 3.9 3.7 2.5 0.3 0.4
C10010 261.8 0.6 0.4 20.1 2.5
C10020 25.6 0.6 0.4 2.0 2.5
C10035 2.8 0.6 0.4 0.2 2.5
C30020 217 .4 1.5 1.0 16.7 1.0
C30035 26.5 1.5 1.0 2.0 1.0
C30050 7.6 1.5 1.0 0.6 1.0
C60035 90.8 3.2 2.1 7.0 0.5
J30020 436.7 1.4 0.9 33.6 1.1
J30035 57.3 1.5 1.0 4.4 1.0
J40035 87.7 1.7 1.1 6.7 0.9
J60035 202.7 3.0 2.0 15.6 0.5

The J30020 has more microcells, a higher PDE and a higher maximum count rate than
the C30020. The estimated performance of a J30020 and a C10010 are therefore shown in
Fig. 8. As expected the results in Fig. 8 show that there large maximum count rates allow
these two SIPMs to operate at data rates at which they incur a significant ISI power penalty.
However, it is also clear that despite having faster output pulses the smaller area of the
C10010 means that it is only expected to perform better that the J30020 at data rates higher
than 3 Gbps. At these data rates the performance of the J30020 is limited by a combination
of ISI power penalty and saturation of its non-linear response. However, its smaller area
means that the C10010 is only a better choice than the J30020 at irradiances that are not eye-

safe [12].
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Figure 8 The estimated performance of a J 30020, a C1000 and a C10020. These
results were obtained by first using the ratio of the bit time to the estimated
equivalent Gaussian pulse width to determine the ISI count rate penalty using the
results in Fig 7 (a). This was then converted to the required irradiance using the

relevant SiPM parameters and equation (6).
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Figure 9 Schematic showing a method of combining multiple SiPM fast outputs

together using diode pairs [27].
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Figure 10 The potential performance of a ] 30020 and combinations of 9 C10010
SiPMs and 9 C10020 SiPMs. These results were obtained using the same

methodology as used to obtained the results in Fig 9.

4.2 Using Diodes to add SiPMs

Operating at OOK data rates whose bit time is significantly shorter than the duration
of the SiPM’s output pulses incurs a significant power penalty. This suggests that the pri-
mary characteristic to consider when selecting a SiPMs to use at higher data rates, e.g. OOK
rates about 2 Gbps, should be the duration of the fast output pulses. Unfortunately, the
results in Table 1 show that these SiPMs have a smaller area and therefore fewer microcells.
The results in Fig. 8 show that this means that the J30020 is a better choice than the C10010
at eye safe irradiance. However, it is possible to use a pair of Schottky diodes on the fast
output of each SiPM to add their fast output pulses without increasing the width of the
output pulses [27]. Fig. 9 shows a schematic diagram of this idea, where Skyworks SMS7621
24 GHz schottky diode pairs are used to combine the outputs of the SiPMs. In this circuit
the SiPMs are biased by connecting a bias voltage Vbias, to their cathode. The fast output of
each SiPM is connected to the centre of a pair of schottky diodes, which are forward biased
by the bias source Vs so that each diode pair passes approximately 1 mA. An output pulse
on one SiPM will cause the current through the associated diode pair to vary. This current
then flows on a common line where it is added to the current flowing from other SiPMs.
Any variation in this total current is converted to a voltage by the resistor connected to Vss.
The high frequency content of this voltage passes through a capacitor to Fast+ which is the
shared output from all the SiPMs.

The potential advantages of using more SiPMs with narrow fast output pulses has
been investigated by assuming that it is possible to increase the number of microcells in a
C10010 and C10020 without changing any of the other parameters. The results in Fig. 10
confirm that increasing the effective area of the SiPM reduces the irradiance required to
support a particular data rate. The results for the combination of 9 C10020 SiPMs show that
they might be the best choice for data rates up to approximately 3 Gbps. However, there
significantly lower maximum count rate then causes a rapid increase in the required irradi-
ance at approximately the data rates in Table 2. In contract, their large maximum count rates
mean that both the J30020 and the combination of 9 C10010 SiPMs can operate a data rates
well above those in Table 2. The difference now is that the increase in area means that the
combination of C10010 SiPMs is a better choice at data rates of approximately 1.5 Gbps,
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Figure 11 The potential performance of varying numbers of C10010 SiPMs working
in parallel. These results were obtained using the same methodology as used to

obtained the results in Fig 9.

which is close to the data rate at which ISI caused by the fast output pulses is expected to 423
impact the performance of the J30020. 424

The possible benefits of using even more SiPMs in parallel is shown in Fig. 11. This 425
figure confirms that adding more SiPMs in parallel will reduce the irradiance required to 426
support a particular data rate. The ideal conditions assumed in these estimates, for example 427
the absence of ambient light and an infinite extinction ratio on the transmitter, mean that 428
the same number of photons per bit have to be detected. This means that at low data rates 429
the required irradiance is inversely proportional to the number of SiPMs. However, the im- 430
portant comparison is the data rate that can be supported at a particular irradiance. Atirra- 431
diances of approximately 4 mWm?2 an array of 25 C10010 SiPMs is expected to support 432
2.8 Gbps, whilst the array of 100 C10010 SiPMs would support 3.5 Gbps. These results show 433
that the rapid rise in the count rate penalty at high data rates limits the performance im- 434

provements that can be achieved by increasing the number of SiPMs acting in parallel. 435
436
4.3 Exploiting the existing parallel fast outputs 437

A problem with using multiple SiPMs is that their price isn’t proportional to their area. 438
Consequently, an array of SiPMs would cost significantly more than a single SiPM with the 439
same area. An alternative way of reducing the width of fast output pulses is suggested by 440
a close inspection of the back side of the larger SiPMs produced by onsemi. This inspection 441
shows that these SiPMs have multiple fast outputs which are connected together to create 442
one fast output [24]. In particular, TSVs are used at several locations on the SiPM to connect 443
fast outputs for different areas of the SiPM to its bottom side. These fast outputs are then 444
connected together by metal traces. The resulting combined fast output is then connected 445
to a single output pad. Fig. 12 (a) shows that a 3 mm by 3 mm ] series SiPM, has six fast 446
outputs which are connected together to a single pad [28]. Using a connection for each of 447
these areas would create an array of 6 SiPMs with an area of 1.5 mm? each. These six outputs 448
could be made available separately by a relatively small change at the end of the manufac- 449
turing process. They could then be combined using the method in Fig. 9. The result would 450
be a 9 mm? SiPM with a fast output width of less than 1 ns. 451

452
453
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(a)

(b)
Figure 12 A view of the J-Series 30035 SiPM, (a) shows the back of the SiPM where
different traces are highlighted different colors for visibility. Yellow is the cathode

(connected to bias source), blue is the anode (connected to ground, or a series

resistor to measure instantanous bias current). Red traces are the fast outputs. The

fast output on this device is combined from six separate regions. (b) shows the top

of the SiPM, where the through silicon vias connect to the traces on the rear.
(Adapted From [28])

4.4 Selecting between SiPMs for NIR

Experiments have been performed with 405 nm light to limit the impact of ambient light
from white LEDs. However, this choice of wavelength limited the eye-safe power limit [12].

Table 3 Key parameters for the two series of commercially available SiPMs manufactured by
onsemi including their PDE at 850 nm [22-24]

. Maximum Fast Output
Area | Pitch | Number | Recovery PDE at .
Name . Count Rate Pulse Width
(mm?2) | (um) | of pcells | Time (ns) 850nm
(Geps) (ns)
RB10010 1 10 4296 12 162.7 0.07 2.3
RB10020 1 20 1590 21 34.4 0.12 2
RB10035 1 35 620 73 3.9 0.17 3.7
30020 9 20 14410 15 436.7 0.025 1.4
J30035 9 35 5676 45 57.3 0.03 1.5
J40035 16 35 9260 48 87.7 0.03 1.7
J60035 36 35 22292 50 202.7 0.03 3

455
456
457
458
459
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Figure 13 The potential performance of a ] 30020 and combinations of 9 RB10010 SiPMs
and 9 RB10020 SiPMs. These results were obtained using the same methodology as used
to obtained the results in Fig 8.

Changing to 850 nm would increase the eye-safe power limit by a factor of approximately 460
50 and mean that existing high bandwidth 850 nm transmitters could be used. 461
The RB series of SiPMs have a higher PDE at 850 nm than the J series SiPMs. This would 462
suggest that they are the better choice for operation with 850 nm transmitters. However, as 463
shown in Table 3, they also have broader fast output pulses. The potential performance of 464
aJ30020 and arrays of 9 RB10010 SiPMs and 9 RB10020 SiPMs are shown in Fig. 13. All these 465
systems have the same overall area. Consequently, their higher PDE means that the two 466
systems made from RB series SiPMs support the lower data rates at lower irradiances than 467
the J30020. However, at data rates of more than 1 Gbps the narrower output pulses of the 468
J30020 means that the performance of this SiPM is expected to be similar to the performance 469
of the array of RB series SiPMs. Cost would then favour the J30020. 470
At 405 nm an eye-safe transmitter in a typical office would deliver 3 mWm2 at the edge 471

of its coverage area [12]. Changing to 850 nm would increase this to approximately 472
150 mWm-2. The results in Fig. 13 suggest that at this irradiance the SiPMs would support 473
approximately 2 Gbps. This is a little higher than the data rate, 1.4 Gbps, achieved using 474
405 nm transmitter in the same scenario. However, the results with a 405 nm transmitter 475
was obtained in 500 lux of ambient light using filters to protect the SiPM from ambient light. 476
Despite the increase in eye-safe power a change to 850 nm is therefore not expected to sup- 477

port significantly higher data rates. 478
479
4.5 Designing application specific SiPMs 480

The results show that any new application specific integrated circuit (ASIC) designed 481
to act as a receiver should have significantly faster output pulses than existing SiPMs. This 482
emphasis suggests that the microcells in the ASIC might have a digital output. SiPMs with 483
digital outputs have been integrated into receivers previously [29, 30]. However, both the 484
SiPMs used in these experiments were created on one chip. This meant that the digital logic 485
circuits alongside each SPAD reduced the overall fill-factor, and hence PDE, of the SiPM. 486

Fortunately, since these SiPMs were manufactured the ability to stack two chips has 487
been developed [31]. If one of these chips is used to create an array of APDs and the other 488
to create a matching array of ancillary circuits then this technology avoids the trade-off 489
between circuit complexity and fill-factor. In addition, this technology means that the two 490
chips can be made using the manufacturing processes best suited to their function. These 491
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advantages mean that stacked systems, often known as SPAD arrays, have been created in 492
which one of these chips contains an array of APDs and the other chip contains a matching 493
array of quenching circuits and relatively sophisticated digital circuits [31]. 494
The existing stacked SPAD arrays have been designed for applications such as LIDAR 495
and low-light imaging. However, they contain components that could be used to create a 496
receiver. The most important component which could be used in a receiver is the APDs 497
in the first chip. These have been made using a variety of manufacturing processes and 498
some include additional features that increase the PDE at some or all wavelengths. One 499
feature used in some devices is a charge-focusing SPAD, in which the electric field in the 500
APD guides photon-generated electrons into a central avalanche region [32]. This ap- 501
proach results in a fill-factor of 100% and a PDE of approximately 40% at 405 nm. Further- 502
more, SPADs can be created with a 6.39 um pitch and in arrays of 2,072 by 1,548 [32]. 503
A key function of the ancillary circuits in the second chip is to quench the otherwise 504
self-sustaining avalanche processes. In order to reduce after-pulsing this can be done by 505
combining a passive quenching process with an active reset (a combination known as 506
PQAR). To achieve this a MOSFET is connected in series with the APD to create a load 507
which reduces the bias voltage across the APD when an avalanche occurs. The resulting 508
change in the voltage across the APD is then detected by a digital circuit. This circuit is 509
designed to hold the APD bias voltage below the breakdown voltage for a controlled time. 510
During this time any charge trapped in the APD can escape without creating an after- 511
pulse. However, the cost of suppressing after-pulses is that the SPAD can’t detect a photon 512
and so this time is the dead time for the SPAD. At the end of the dead time the digital 513
circuits rapidly resets the APD bias voltage. Since this minimizes the probability that a 514
photon is detected whilst a SPAD is being recharged it reduces the risk that the SPAD can 515
be paralysed at high irradiances [33]. Depending upon the application the digital signal 516
generated by an avalanche event can be processed in one of several different ways. An 517
example of the circuit complexity that can be achieved is a low light image sensor [34]. In 518
this case the ancillary circuit associated with each SPAD included a quenching circuit, and 519
a 9-bit counter to count the detected photons. However, this might overflow and so it also 520
contained an additional 5 bit latch which, together with the 9-bit latch from the counter, 521
can store a 14-bit code that represents the time at which the counter overflows. It also in- 522
cludes a 15 bit multiplexer to connect the contents of these 14 latches and an overflow flag 523
to a shared 15 bit bus. All of this functionality was achieved in a 12.24 pum pitch. 524
This example system indicated the functionality that can be achieved in an area which 525

is smaller than the area of the microcells in most existing SiPMs. However, the challenge 526
when supporting multi-Gbps OOK data rates is that data has to be obtained from each 527
array element in a small fraction of a nanosecond. Fortunately, the location at which a 528
photon is detected isn’t important. This means that each SPAD can be allowed to transmit 529
its response to a detected photon as soon as it occurs. Furthermore, the method of combin- 530
ing the SPAD outputs should support the simultaneous detection of a few photons and 531
different modulation schemes. 532
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Table 4 Comparison between a J30020 and a potential stacked SPAD receiver.

Name J30020 Stacked
Area (mm?2) 9 9
Pitch (um) 20 12.24
Number of pcells 14410 60073
Recovery Time/Dead Time (ns) 15 8
Maximum Count Rate (Gcps) 436.7 7509
PDE at 405nm 0.38 0.4
Fill Factor 0.62 1
Fast Output Pulse Width (ns) 14 0.1

One way to accommodate simultaneous detection of photons would be to generate a nar- 533
row output current pulse when an avalanche occurs. In the exemplar system, the quenching and 534
digital logic circuits were manufactured in a 40 nm CMOS process [34]. A 1 um wide transistor 535
manufactured in a 40 nm process can pass a current of approximately 400 pA [35]. In addition, 536
the maximum frequency at which these transistors can amplify a signal is at least 200 GHz [35]. 537
This suggests that it should be possible to generate 10 ps current pulses when a photon is de- 538
tected. Furthermore, it should be possible to create trans-impedance amplifiers on the same chip 539
which create an analogue output voltage that is proportional to sum of these short current 540
pulses. 541

Table 4 contains a comparison between a ]30020 and a possible stacked SPAD receiver. The 542
two systems are assumed to have the same area. The pitch of the stacked receiver is assumed to 543
be the same as the pitch of the exemplar system [34]. The result is a four-fold increase in the 544
number of microcells. In addition, it is assumed that the dead time of the stacked system is 8 ns. 545
This is the time previously used to suppress after-pulsing [36]. Finally, although it may be pos- 546
sible to create 10 ps output pulses, a conservative estimate of 100 ps, is included in the table. 547

If the assumed fast output pulse width can be achieved then the stacked system would not 548
suffer from ISI caused by the receiver for data rate less than 10 Gbps. At lower data rates it would 549
therefore require an average of approximately 2.6 photons per bit to achieve a BER of 3.8x103. A 550
data rate of 10 Gbps would then be achieved when the average irradiance from a 405 nm trans- 551
mitter is 1.8 mWm=2. This is less than the irradiance that can be obtained from an eye-safe 405 nm 552
transmitter in typical office [12]. This receiver therefore has the potential to deliver data rates of 553
up to 10 Gbps in a typical office. 554

A potential hurdle to achieving 10 Gbps using 405 nm is the bandwidth of 405 nm trans- 555
mitters. In this case it may be prudent to change to 850 nm transmitters designed to deliver data 556
rates of more than 10 Gbps. At 850 nm the SPAD could have a PDE of 30% or more [32]. In this 557
case, the lower energy of 850 nm photons, means that 10 Gbps could be achieved at an irradiance 558
of 1.1 mWm-2. This would be eye-safe and could be delivered using an 850 nm transmitter that 559
is designed to deliver 10 Gbps or higher [37]. Two or more of these devices could be used sepa- 560
rately or in parallel to cover the 2 m by 2 m area covered by a single transmitter in the typical 561
office environment [12]. The result would be an irradiance that could support 10 Gbps. 562

In the absence of an ISI power penalty from either the transmitter or the receiver 10 Gbps 563
requires an average count rate of approximately 26 Geps, which is a tiny fraction of the potential 564
maximum count rate of 7509 Geps. This maximum count rate suggests that the stacked receiver 565
would have the capacity to tolerate a count rate penalty of 144. However, to avoid the negative 566
impact from the non-linearity it may be more efficient to limit the penalty to half this value. This 567
would suggest that the receiver could support data rates of 30 Gbps. This is slightly higher than 568
the data rate that is supported by receivers designed for fiber optical communications [37]. How- 569
ever, the existing receivers need 0.3 mW of received optical power to support a data rate of 570
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25.78 Gbps and a BER of 5x10-5. Under ideal conditions this BER requires an average of approx- 571
imately 5 photons per bit. However, the extinction ratio of the transmitter in this systemis 2 and 572
Fig. 3 shows that this means that the average number of photons per bit must be approximately 573
60. Taking these factors into account, without any ISI penalty the stacked receiver would re- 574
quire only 0.6 pW at the same data rate, wavelength, BER and extinction ratio. Even with a sig- 575
nificant ISI penalty the stacked receiver would therefore be expected to require only a small 576
fraction of the optical power of the existing receiver to support 25.78 Gbps. 577

Furthermore, the stacked receiver’s dead-time in Table 4, 8 ns, is the dead time used to 578
reduce the after-pulsing probability for applications were after-pulses maybe a significant prob- 579
lem. In contrast, previous Monte-Carlo simulations have replicated experimental results despite 580
the fact that after-pulsing isn’t included in these simulations. This suggests that it may be possi- 581
ble to reduce the dead time of these systems significantly. The result could be a receiver that can 582

support data rates approaching 1 Tbps. 583
584
5. Conclusions 585

Results that have been reported which confirm that SiPMs with narrow output pulses should 586

be preferred when selecting SiPMs for incorporation into VLC or OWC receivers. Furthermore, 587
the irradiance required to achieve a particular BER increases rapidly once the bit time is shorter 588
than the output pulse width. 589
Although the pulse width is a very important parameter the SiPM non-linearity must be taken 590
into account. In particular, it is suggested that a SiPM should operate with a count rate less than 591
40% of its maximum count rate. 592
The need to detect a constant number of photons per bit means that increasing the area of a 593
SiPM should reduce the irradiance needed to support a particular data rate. Unfortunately, in- 594
creasing the area of a single SiPM of a particular type increases its pulse width. The trade-off 595
between area and pulse width can be avoided by using diodes to add the outputs of SiPMs acting 596
in parallel. However, using this method to significantly increase the data rate would be expen- 597
sive. This cost increase could be reduced by using a small change in the last stages of the manu- 598
facturing process of individual larger SiPMs to create single SIPMs with multiple outputs that 599
have narrower output pulses. 600
Reasons for a change of transmitter wavelength from 405 nm to 850 nm have been high- 601
lighted. However, results have been presented which suggest that the benefits of this change 602
will be relatively small. 603
Finally, a brief survey of systems made by stacking arrays of SPADs onto a second chip has 604
been presented. This survey suggests that this new technology could dramatically improve the 605
performance of receivers. The result would be a receiver that is significantly better than existing 606
receivers for fibre-optic communications operating at 25.78 Gbps. Factors that would make it 607
possible to create receivers operating at significantly higher data rates have been highlighted. 608
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