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Abstract: Silicon photomultiplier’s relatively large area and ability to detect single photons makes
them attractive as receivers for visible light communications. However, their non-linear response has
a negative impact on the receiver performance, including making them particularly sensitive to am-
bient light. Experiments and Monte Carlo simulations have been used to study this non-linearity.
The resulting detailed understanding of the origins of the non-linear response leads to concerns over
the accuracy of some previous simulations of SiPMs. In addition, it leads to simple methods to de-
termine the maximum rate at which a SiPM can count photons and of determining the impact of a
SiPMs non-linearity on its performance of a receiver. Finally, a method of determining which filters
should be used to protect a SiPM from ambient light is proposed.

Keywords: Visible Light Communications, SiPM, Monte Carlo

1. Introduction

Visible light communications (VLC) and optical wireless communica-
tions (OWC) have been proposed as approaches to increasing local wireless
communications capacity using visible or optical wavelengths [1]. An im-
portant parameter for any communications system is the rate at which it
makes errors. This is characterized by the bit error rate (BER), which de-
pends upon the signal to noise ratio (SNR) at the output of the receiver.
One approach to increasing the SNR of a VLC or OWC systems that are
designed to operate at data rates of more than 100 Mbps is to us a silicon
photomultiplier (SiPM) as a receiver [2-16]. These devices are arrays of mi-
crocells, containing a single photon avalanche diode (SPAD), and each mi-
crocell is designed so that an output pulse is generated whenever a photon
initiates an avalanche event. It is the resulting ability to detect single pho-
tons which allows SiPM receivers to operate within a few photons per bit
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of the noise floor determined by Poisson statistics [5]. However, an intrinsic
part of the microcell’s photon detection mechanism is the quenching of the
avalanche process by reducing the bias voltage across its avalanche photo-
diode (APD). After the avalanche process has been quenched the microcell
has to be recharged so that another photon can be detected. Unfortunately,
this means that the SiPM has a non-linear response [4].

SiPMs are commercially available with different characteristics, in-
cluding area, numbers of microcells, photon detection efficiencies (PDEs),
recharge times and output bandwidths, which are expected to impact their
performance in receivers. The performance of receivers containing SiPMs
can be determined experimentally [3-7, 9-16]. However, these experiments
should be performed very carefully and are time consuming. In addition,
other parts of the system, particularly the transmitter, can have a signifi-
cant impact on the performance of a system. Furthermore, even when this
doesn’t happen, it can be difficult to separate the impact of different SiPM
characteristics. Finally, it isn’t always possible to test a receiver in some
environments, for example outside. These issues mean that a model or sim-
ulation of a SiPM receiver can complement experimental results.

Previously, SiPMs have been modelled using equivalent circuits or
Monte Carlo simulations [17]. However, numerical methods, including
Monte Carlo simulations, have been preferred when the performance of
SiPMs in receivers is modelled. Some Monte Carlo simulations have fo-
cussed upon the impact of the SiPM’s non-linear response on their ability
to count photons [18]. However, this meant that it wasn’t necessary to take
the finite width of the SiPMs output pulses into account. Furthermore, it
was assumed that a microcell can’t detect photons whilst it is recovering
[18]. Alternatively, the performance of SiPM receivers has been studied by
evaluating relevant equations [19-22]. It should be possible to evaluate a
series of equations in less time than it takes to perform Monte Carlo simu-
lations. Unfortunately, sometimes these equations assume a feature, such
as a digital output, which aren’t relevant to commercial SiPMs [19]. Alter-
natively, they are relevant to OFDM [22] which isn’t as energy efficient as
on-off keying (OOK) [23] and currently gives a lower data rate than OOK
at eye safe irradiances [14]. In other cases the equations assume that, since
the microcells are passively quenched, they are paralysable [18,20]. This
assumption is correct when the microcells have a digital output [19], but,
commercial SiPMs have analog outputs and they are therefore not neces-
sarily paralysable. To create a simulation that is based upon the fewest
possible assumptions a Monte Carlo simulation of the physical processes
in a SiPM has been created.

The parameters in the simulation are obtained from either the relevant
data sheet or experimental results. The results of the simulations are then
validated by comparing them to results of experiments. In particular, they
are compared to measurements of the bias current needed to sustain an



Photonics 2022, 9, x FOR PEER REVIEW 30f23

83 over-voltage on the SiPM and the impact of ambient light on the perfor-
84 mance of receivers containing SiPMs. The simulation results are then used
85 to show that microcells are able to detect photons whilst they are recharg-
86 ing. The simulation results also lead to a new simple method of predicting
87 the impact of the non-linear response of the SiPM on receiver performance
88 in ambient light and a method for selecting optical filters that should be
89 used in receivers. In the future it should be possible to use the Monte-Carlo
90 simulation to devise an efficient means to compensation for any SiPM non-
91 linear caused by the transmitted data or to predict the performance of re-
92 ceivers containing existing or future SiPMs in a wide variety of situations.
93 This paper is organized as follows. Section 2 contains descriptions of
94 the operation of a SiPM, the experimental procedure used to test receivers
95 containing SiPMs and the Monte-Carlo simulation. This is followed in sec-
96 tion 3 by results of experiments to determine the voltage dependence of the
97 microcells PDE. This section also contains the results of experiments to de-
98 termine either the irradiance dependence of the current needed to sustain
99 an over-voltage or the impact of ambient light on the performance of re-
100 ceivers containing SiPMs. In both cases these experimental results are com-
101 pared to the results of Monte Carlo simulations of the same experiments.
102 Finally, section 4 contains results which show that microcells can detect
103 photons before they are fully charged. Results are also presented which
104 show that despite this behavior the maximum count rate of a SiPM can be
105 determined using an equation that was derived assuming that there was a
106 minimum time between photons that could be detected, a time previously
107 known as the dead time. The non-linear response of the SiPM is then
108 shown to arise from a combination of changes to the average PDE and mi-
109 crocell charge when photons are detected. This leads to a simple method
110 of predicting the impact of the SiPM’s non-linearity on the performance of
111 a receiver in ambient light. Finally this section includes a suggested
112 method for selecting optical filters to use with SiPMs in receivers and a
113 discussion of the possible future uses of the Monte Carlo simulation.

114 2. Experimental Procedure and Monte-Carlo Simulation of SiPMs

115 2.1 Description of SiPM and their response to light

116 A silicon photomultiplier is an array of microcells that are connected
117 in parallel. Each microcell contains an APD which is biased above its break-
118 down voltage, Voreakdown, by an amount known as the over-voltage, Vov. The
119 probability that an avalanche will occur [24] means that the PDE of a mi-
120 crocell can be calculated using

121 PDE(4,t) = PDEax (A)X(1-exp (-Vou (t) /Vehar)) 1)
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Figure 1. The recovery of the over-voltage and the photon detection efficiency determined
using equations (1) and (2).

where V,,(t) is the instantaneous over-voltage, PDE},x(4) is the maxi-
mum possible PDE at a particular wavelength and V,,, is a characteristic
voltage at this wavelength for the APD.

If the over-voltage is positive and the microcell only contained an APD
then a photon could initiate a self-sustained avalanche event. This means
that only one photon could be detected. This avalanche event therefore has
to be quenched so that other photons can be detected. In the case of the
commercially available SiPMs manufactured by Broadcomm, Hamamatsu
and Onsemi a resistor is placed in series with the APD within each micro-
cell. Consequently, the current due to an avalanche process results in a
voltage drop across the resistor which reduces the voltage across the APD.
Once this voltage equals the APDs breakdown voltage the self-sustained
avalanche process is quenched. The capacitance in the microcell is then re-
charged via this resistor and the resistance between the microcell and the
source of the SiPM bias voltage. This means that the recharging process can
be represented by the equation

Vo () = Voy(1-exp(-t/Tgc)) (2)

where tis the time since the avalanche process was quenched and 7z is
the time constant for the recharging process. This time constant can be de-
termined from individual pulses that occur when photons are detected and
is typically tens of nanoseconds. If the capacitance of the microcell is Ceen
then the additional charge stored in the microcell will be Ceen Vov. The results
in figure 1 show that the sensitivity of the PDE to the over-voltage means
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Figure 2. A schematic diagram showing three microcells in a representative Onsemi SiPM.
The diagram also shows how these are connected the source of the bias voltage and a digital
multimeter that is used to measure the bias current needed to sustain the bias voltage.

145 that it recovers more quickly than the over-voltage. Since the additional
146 charge stored on the microcell is proportional to the over-voltage the PDE
147 also recovers more quickly than the additional charge stored in the micro-
148 cell.

149 Photons can be detected by monitoring the bias current that flows into
150 the SiPM to recharge each microcell. This current flows because the micro-
151 cell is discharged when it detects a photon, and since the amount of charge
152 on the microcell is independent of the photon wavelength, the current is
153 independent of the wavelength of the detected photon. If the interval be-
154 tween photons being detected by the SiPM is significantly longer than 7z
155 then each detected photon results in a pulse with a fast rising edge fol-
156 lowed by the exponential decay expected from equation (2). This mecha-
157 nism can be used to detect and count photons using any of the commer-
158 cially available SiPMs.

159 Figure 2 is a schematic diagram showing how a bias voltage was ap-
160 plied to a SiPM manufactured by Onsemi and a digital multimeter was
161 connected to measure the current flowing to sustain this voltage. This fig-
162 ure also shows that these particular SiPMs have an output known as the

TABLE 1. KEY PARAMETERS OBTAINED FROM THE MANUFACTURES DATA SHEET FOR A J SERIES 30020 [26]

Parameter 30020
Number of microcells 14410
Microcells active area diameter (um) 20
Fill factor (%) 62
Recharge/recovery time constant (ns) 15
Dark Count Rate (MHz) 1.2 (@5 Vo)
Fast output pulse width (ns) 14
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163 fast output. In addition a second output can be created by placing a resistor
164 between the SiPM’s anode and ground. This output is equivalent to the
165 output on SiPMs manufactured by other companies and it is possible to
166 detect individual photons using this output. However, the width of the
167 voltage pulses on this output is determined by the recharge time constant
168 of the microcells. Since this time is longer than the fast output pulse width,
169 this output is referred to as the slow output.

170 As shown in figure 2, the fast output is created by capacitively cou-
171 pling a common output to the connection between the APD and the
172 quenching resistor in each microcell [25]. This capacitive coupling means
173 that the signal on this fast output line is proportional to the rate of change
174 of the voltage across the APD. The charging of the node between the APD
175 and the resistor form the slow output pulses. This capacitance therefore
176 means that the pulses on the fast output are a high pass filtered version of
177 the slow output pulses. This removes the dc level component of the signal
178 and explains why the fast output pulses are at least an order to magnitude
179 narrower than the pulses on the slow output.

180 At low irradiances each microcell has time to recover before the next
181 photon is detected and the SiPM has a linear response. However, increas-
182 ing the irradiance falling on the microcells reduces the average time be-
183 tween successive photons passing through each microcell. Eventually pho-
184 tons arrive at microcells whilst they are still recharging. The result is that
185 the SiPM has a non-linear response. Previously, this non-linear response
186 has been observed by measuring the bias current needed to sustain the
187 over-voltage on the SiPM as the irradiance falling on the SiPM is increased
188 [10].

189 2.2. Experimental procedure

190 A schematic diagram of the equipment used to characterise the SiPM and
191 determine its performance as a VLC receiver is shown in figure 3. Previ-
192 ously, experiments were performed with | series SiPMs mounted on SMA
193 evaluation boards. These boards are convenient to use. However, they con-
194 tain a resistor in series with the SiPM so that slow output pulses can be
195 detected. Unfortunately, this resistor both increases the time needed for
196 each microcell to recharge and decreases the effective over-voltage, and
197 hence PDE, at high irradiances [16]. Since the fast output is used for data
198 transmission experiments this resistor isn’t needed. More recently, experi-
199 ments have therefore been performed using a ] series 30020 SiPM, whose
200 key characteristics are listed in table 1, mounted on a SMPTA board. With-
201 out a resistor in series with the SiPM, the SMTPA boards have a shorter
202 recharge time, and their PDE is not degraded at high ambient light levels.
203 This means a SiPM on a SMTPA board is both easier to model and, more
204 importantly, is a better receiver. As shown in figure 2, in the absence of a

205 resistor in series with the SiPM on the SMPTA board the current needed to
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Figure 3. System block diagram describes the experimental setup used to evaluate the ambient
light performance of the SiPM. The AWG was a 25GS/s AWG70002A, the Power Amplifier is a
Fairview FMAM3269 10MHz to 6 GHz Amplifier which feeds a Bias Tee (Thorlabs ZFBT-
4R2GW+) and the Laser Diode a ThorLabs L405P20. The LED ring includes eight UV3TZ-405-15
LEDs, which is driven by a Keithley 224 Source Meter. During some experiments the bias volt-
age applied to these 405 nm LEDs was varied to control the effective ambient light level. On the
receiver side, the SiPM is coupled to a ZX60-43-5+ 4GHz Low Noise Amplifier which feeds a
Keysight MSO64 (4GHz, 25GS/s) oscilloscope. The polarizer, source meter, AWG and oscillo-
scope are computer-controlled by MATLAB®.

sustain the over-voltage was measured with a Keithley 196 digital multi-
meter.

To obtain reproducible results from data transmission experiments
particular care had to be taken to minimize the impact of RF interference.
When the beam from the transmitter to the receiver was blocked a 5 mVpp
interference signal was initially observed. Since the signal when a photon
was detected was 15 mVyp this level of interference was unacceptable. A
near field probe was therefore used to determine that the source of the in-
terference was the transmitter. The optical cage system containing the
transmitter and the SMA cable connecting the transmitter to the AWG were
therefore covered with a metallized cloth and the probe was then used to
confirm that this cloth prevented this type of interference.

Even with this precaution it was sometimes impossible to obtain re-
producible BER measurement results consistently. By watching the oscil-
loscope as it captured data it became clear that a 20 mVyp signal occurred
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21 frequently enough to explain the difficulties in reproducing results. A sub-
222 sequent investigation showed that the frequency spectrum of this intermit-
223 tent interference was consistent with it being caused by Wi-Fi and other RF
224 signals transmitted by colleague’s electronic devices. The experimental
225 procedure was therefore changed so that any data captured when there
226 was a significant level of this interference was discarded and the data trans-
227 mitted again. However, there was so much interference during normal
228 working hours that most results were captured overnight.

229 2.3. Monte-Carlo simulation of a SiPM

230 Results from experiments with a 30020 on a SMPTA board have been com-
231 pared to results from a Monte-Carlo simulation of this SiPM. These simu-
232 lations were performed with a time variable that increased by the mini-
233 mum of one twentieth of a nanosecond and one twentieth of the bit time of
234 the OOK data. Since the charge on the microcell and the microcell’s recov-
235 ery are independent of the detected photons wavelength, all the simulated
236 photons are assumed to have the same wavelength as the transmitters out-
237 put. This means that the impact of ambient light is represented by the irra-
238 diance at this wavelength which gives rise to the same count rate.

239 In some simulations the irradiance on the SiPM was assumed to be con-
240 stant. However, when simulating data transmission experiments the irra-
241 diance was modulated to represent OOK data. At each time the instanta-
242 neous irradiance, the bit time and the Poisson probability density function
243 Poisson(n) = m"e™™/n! 3)
244

245 were used to determine the number of photons incident on the SiPM in a
246 bit time, 11, where m is the mean of the distribution. At a time, t, this mean
247 was calculated using

248

249 m(t) = (Lyx(t) + Lamp (1)) Asipu- dt/Ep (4)
250

251 where Lx(t) is the irradiance from the transmitter at time t and L, (t) is
252 the irradiance representing ambient light at the same time. In addition, dt
253 is the time step used in the simulation, E,, is the energy of a photon from
254 the transmitter and Ag;py, is the area of the SiPM. The n photons calculated
255 using (3) and (4) were then randomly distributed in the bit time. This was
256 done using a random number with a Poisson distribution so that the time
257 between photons had the required exponential distribution.

258 Once the photon stream had been generated an event-driven Monte-
259 Carlo simulation was started and the following quantities were calculated:
260 (i) The total charge on all microcells.

261
262 Qtotal(t) = Zrl\{iellls CcellV;Jv (Tl, t) (5)



Photonics 2022, 9, x FOR PEER REVIEW 9 of 23

263

264 where C,,; is the capacitance of a microcell and Vov(11,£) is the over-
265 voltage on the n™ microcell at time t.
266 (ii) The average charge on the microcells that have detected at photon
267 at this time. In this case (5) is evaluated, but, only the microcells that
268 have detected a photon at this time are included in the summation.
269 This sum is then divided by the number of microcells that have de-
270 tected a photon at this time.
271 (iii) The instantaneous current needed to recharge each microcell was
272 calculated by multiplying the increase in the over-voltage for each mi-
273 crocell since the previous time by the microcell capacitance and divid-
274 ing the result by dt. The total current was then calculated by adding all
275 these contributions, hence
276
277 Iyias(t) =
278 211\1/261115 {% (Vov(n: t) - Vov(nr t— dt)) lf Vov(n; t) > Vov(nJ t— dt)(6)
0 otherwise
279
280 (iv) The proportion of microcells that are fully charged was calculated
281 by determining the proportion of microcells whose over-voltage as
282 99% of the maximum over-voltage.
283 (v) The average PDE of all the microcells was determined using (1) to
284 determine the instantaneous PDE of each microcell and then calculat-
285 ing the average value.
286
287 The simulation started by initiating the microcells in the SiPM into a
288 state that is consistent with the initial irradiance. The simulation was then
289 evolved by up-dating the over-voltage and PDE of each microcell using
290 equations (1) and (2) until the time at which the next photon or photons are
291 incident on the SiPM. At each of these times the first step was to use a uni-
292 formly distributed random number to determine which microcell might
293 detect the photon. The instantaneous PDE of the selected microcell and a
294 second random number were then used to determine if the photon was
295 detected. If the photon was detected the over-voltage and PDE of the mi-
296 crocell were both instantaneously set to zero. In addition, the charge on this
297 microcell was added to the sum of the charge on microcells that had de-
298 tected a photon at this time. This process was then repeated for all photons
299 incident on the SiPM at the same time. Once the process of detecting pho-
300 tons at a particular time had been completed all the quantities of interest
301 were calculated. The simulation was then evolved until the time when the
302 next photon or photons were incident on the SiPM. This process was then
303 repeated until the end of the simulated time.
304 At the end of the simulation the sum of the charge on microcells that
305 detected photons at each time was convolved with a Gaussian kernel,

306 which represented the shape of a fast output pulse. The result was a fast
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307 output pulse whose integral is proportional to the charge discharged by
308 all the photons detected at a particular simulated time. If the incident irra-
309 diance was modulated to represent OOK data the resulting simulated fast
310 output was processed in the same way as the fast output from a SiPM in
311 an experiment.

312 When writing the simulation a decision was made not to include three
313 non-ideal behaviors of SiPMs, specifically dark counts, after-pulsing and
314 optical cross-talk. Dark counts are spontaneous avalanche events that oc-
315 cur in the dark and in the 30020 they occur at a rate of 1 MHz[26]. This is
316 much smaller than the anticipated rate at which ambient light photons are
317 detected and so it wasn’t included in the simulation. After-pulsing occurs
318 when a charge carrier initiates an avalanche event in the same microcell
319 after being temporarily trapped in the high field region of a microcell [17].
320 Similarly, cross-talk occurs when a secondary photon produced by an av-
321 alanche event initiates an avalanche in another microcell either immedi-
322 ately or after a delay [17]. In a 30020 the cross-talk occurs after less than
323 7.5% of avalanche events and after-pulsing after less than 5% of avalanche
324 events. Itisn’t clear from this data if these effects needed to be included to
325 achieve the required modelling accuracy. Furthermore, the data required
326 to model the delays in these effects isn’t provided by the manufacturer. The
327 pragmatic decision was therefore taken to create a numerical model that
328 excluded these effects and then reconsider this decision once its results had
329 been compared to experimental data. The results in sections 3.3 and 3.4
330 suggest that it isn’t necessary to include these effects in the Monte Caro
331 simulation.

332 3. Results

333 3.1. Photon detection efficiency measurement

334 One piece of important information required for an accurate Monte Carlo
335 simulation of a SiPM is the relationship between PDE and over-voltage.
336 Figure 4 shows PDE measurement results, obtained when the 405 nm irra-
337 diance on a 30020 J-series SiPM was constant at 2.4 mWm™>, and the bias
338 voltage varied. This irradiance was selected to stimulate avalanches at a
339 rate which dominates the dark count rate, while remaining in the SiPM’s
340 linear region. The bias current at this irradiance and for each over-volt-
341 age, Ipiqas(V,y, L), was then measured and the PDE, n(V,,, 1), was then cal-
342 culated using [16].

£ MUy 2) = Joiesllonts )

CcettVovAsipmL
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Figure 4. The photon detection efficiency of a | series 30020 SiPM on a SMPTA evalua-
tion board measured at different over-voltages compared to equation (1).

344 In this figure the experimental results are compared to equation (1) with
345 parameters PDE,,;, (1) = 0.46 and V4, = 2.03 V. The excellent agreement
346 between the experimental results and those predicted using these parame-
347 ters meant that these parameters were used in Monte-Carlo simulations.
348

349 3.2. Measured bias current

350 Another key parameter in a simulation is the capacitance of the microcells.
351 Since this is the capacitance of a reverse bias APD it may be voltage de-
352 pendent. The bias current needed to sustain the voltage applied to the SiPM
353 saturates when the time between detected photons is comparable to the
354 microcell RC time constant. However, before saturation occurs this bias
355 current is related to the rate at which photons are detected by

356 Iyias = Crate X Ceetr XVop (8)
357

358 where C, 4. is the rate at which photons are being counted, C.. is the ca-
359 pacitance of a microcell and V,, is the over-voltage.

360 For monochromatic light an irradiance, L, can be converted to a pho-
361 ton flux per unit area by dividing the irradiance by the energy of each pho-
362 ton, E,,. The number of photons per second incident on a SiPM can then be
363 determined by multiplying the result by the area of the SiPM, Ag;py. If
364 n(V,y, 1) is the PDE of the SiPM at the wavelength of the incident light then

365 at low irradiances, the count rate of photons is



366

367
368

369

370
371
372

Photonics 2022, 9, x FOR PEER REVIEW 12 of 23
1071 \ T T
O 20v,, ﬁ@@a
o 3.0V
ov ee
- X 35V, e®
>, (%)
< 10 @ ]
— @
3 @
> @
& 0
e . o®
810" @ ’
= ()
@
]
L2
104 @ ‘ . .
104 103 102 107 10°
405 nm Irradiance [Wm'z]

Figure 5. The measured current needed to sustain a bias on the SiPM at different irra-
diances of 405 nm light divided by the product of the over-voltage and the PDE corre-
sponding to the over-voltage.

Crate =1 (Vow A)ASiPM L /Ep 9)

Then if the capacitance of the microcell is independent of the over-voltage
the resulting bias current is

Ipias = n(%v: A)ASiPM Ceenr V;)vL/Ep

(10)

This equation shows that if the microcell capacitance is independent of
over-voltage then at low irradiances the current will be proportional to the

SiPM Bias Current [A]

Figure 6. A comparison of the measured and simulated currents needed to sustain
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three different over-voltages on a 30020 SiPM.
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373 product of the PDE and the over-voltage. Figure 5 shows the current meas-
374 ured at different over-voltages divided by the product of the over-voltage
375 and the PDE at that over-voltage. The important conclusion from the re-
376 sults in this figure is that the microcell capacitance is independent of the
377 over-voltage. Equation (10) and the measured bias current at low irradi-
378 ances has therefore been used to determine the capacitance of each micro-
379 cell. As shown in table 2 the resulting value, 46 {fF, was one of the parame-
380 ters used in the Monte Carlo simulation.

381

Table 2. Simulation Parameters for a J-Series 30020 SiPM

Parameter 30020
SiPM Area (mm’) 9
Number of microcells 14410
Vireakdown (V) 245
Venar (V) 2.03V
Maximum Photon Detection
Efficiency at 405 nm 0.46
Recharge RC time constant (ns) 30.8
Microcell Capacitance (fF) 46
Full width at half maximum offast 14

output pulse width (ns)

. N Maximum of (bit time)/20 and
Simulation time step (s)

0.05 ns
382 3.3. Comparison of measured and simulated bias currents
383 The voltage dependence of the photon detection efficiency and microcell
384 capacitance obtained from experiment data have been incorporated into
385 the Monte-Carlo simulation of the current needed to sustain over-voltages
386 0f2.0V,3.0V and 3.5 V. The results in figure 6 show an excellent agreement
387 between these simulated current and the experimental results.
388 3.4 Data transmission experiments in ambient light
389 Figure 7 shows the results of experiments to determine the irradiance from
390 the transmitter required to achieve a BER of 3.8x10-° when the ambient light
391 irradiance increases. Eye safe transmitters have been described providing
392 a radius of horizontal coverage in a typical office of 2 m and which provide
393 a minimum transmitter irradiance at 405 nm of 2 mWm? [11]. Figure 7
394 shows that with this transmitter irradiance, it is possible to support data
395 rates up to 1.5 Gbps with a BER of 3.8x10°. However, as the data rate in-

396 creases, the ambient light irradiance which may be tolerated decreases. In
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397 particular, with a transmitter irradiance of 2mWm?, ambient irradiances of
398 up to the equivalent of 1 mWm? 3 mWm? and 5 mWm™ of 405 nm light
399 are tolerated at 1.5 Gbps, 1 Gbps, and 500 Mbps.
100 The dominant noise source in a SiPM receiver is expected to be Poisson
101 noise. If this is the case the BER when an on-off keyed signal is transmitted
402 can be calculated using [5]
N Ot vy 1 N 6 N
103 BER = - zk:o b o (Nrcty +Zk=nT e b] (11)
104 where N, is the average number of photons detected per bit time when a
105 zero is received, Ny, is the number of additional detected photons per bit
406 time needed from the transmitter when one is received and n; is the
407 threshold used to differentiate a one from a zero. The value of n; that
408 minimizes the BER has to be determined for particular combinations of N, and
409 Nyp,.
110 Equation (11) shows that the important parameters are the numbers of
411 detected photons per bit when a zero and a one are received. These param-
112 eters have therefore been used as the axes in figure 8 to show the results of
113 experiments during which the ambient light level, and hence the number
114 of photons detected when a zero is transmitted, was varied. As expected
115 from (11) using this x-axis the results for 500 Mbps and 1000 Mbps fall on
116 the same curve. However, the results for 1500 Mbps suggest that there is a
117 relatively small, but noticeable, power penalty for this data rate. This may
118 be caused by the width of the SiPM fast pulses or the limited bandwidth of
119 another part of the link.
10t
A o
3
v
v
c
o
T 1072
£
=
[
= —#—500 Mbps
£ =3 1000 Mbps
g = 1500 Mbps
m© 103 O 500 Mbps Sim |
= O 1000 Mbps Sim
O 1500 Mbps Sim
o . ‘ .
10 1073 1072 10t 10°

Ambient Irradiance Wm ™2

Figure 7. A comparison of the measured and simulated irradiances needed to support three
data rates as the incident ambient light irradiance increased. The x axis is the equivalent
405 nm irradiance that generates the same count rate and hence bias current as the incident
ambient light.
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Figure 8. A comparison of the measured and simulated irradiances needed to support
three data rates as the number of detected ambient light photons per bit time is increased.

120 In addition to the experimental results figure 8 also shows the results
121 of Monte Carlo simulations of these experiments. Excellent agreement is
122 obtained for data rates of 500 Mbps and 1000 Mbps. However, the agree-
123 ment isn’t as good for 1500 Mbps. The simulation included the width of the
124 fast output pulses and the difference between the simulated 1000 Mbps and
125 1500 Mbps results shows that the width of the output pulses is starting to
126 have an effect at data rates above 1000 Mbps. The difference between the
127 results from experiments and the simulations at 1500 Mbps must therefore
128 be due to something that hasn’t been included in the simulations, for ex-
129 ample the bandwidth of the transmitter. More importantly, the results in
130 figure 8 confirm that, if the links performance is determined by the SiPM,
131 then its performance can be predicted using this Monte Carlo simulation.
132 4. Discussion

133 4.1 The origins of the SiPMs non-linearity.

134 The count rate for a SiPM such as the 30020 can be related to the irra-
135 diance of monochromatic light falling on the SiPM, L, by [10]

136 Crate = Neens@ L/ (1 + a Tp L) (12)
137 where N5 is the number of microcells and 7, is a characteristic time. In
138 addition the parameter «a is

q = NVor, M)Ay

Ep

139 (13)
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Figure 9. A representative microsecond of a simulation of one microcell showing the recov-
ery of the over-voltage and PDE. In addition these results show an example, at approxi-
mately 0.25 us, of a photon being detected before the microcell is fully recharged

140 where 1(1,,, 1)is the photon detection efficiency of the SiPM at a particu-
141 lar over-voltage and wavelength and V,,, is the over-voltage E,, is the en-
142 ergy of each photon and 4, is the active area of a microcell.

143 Equation (12) was suggested as a function which is consistent with the
144 SiPM having a linear response at low irradiances and a saturated response
145 at high irradiances. Furthermore, when (12) was suggested it was assumed
146 that each microcell can’t detect a photon whilst it was being recharged [4].
147 The latter assumption meant that previously the parameter 7,, was referred
448 to as the dead-time for the microcell [4].

149 The assumption that a microcell can’t detect a photon until it is fully
450 recharged means that a charge C,;; V,, is discharged when a photon is de-
151 tected. Consequently, the bias current needed to sustain the over-voltage
152 is

453 Iyias = Ceen Voy Neensa L/ (1 + a Tp L) (14)
154 Previously, this equation has been shown to agree with experimental re-
155 sults [10]. It therefore appears that the assumption that a microcell can’t
156 detect a photon whilst it is recharging is correct and this assumption has
457 been used to simulate SiPMs in receivers [19,27-28].

158 One advantage of developing a detailed Monte Carlo simulation is that
159 it allows users to understand the physical processes occurring in microcells
160 in detail. Figure 9 shows the behavior of a microcell when the average time
161 between detected photons is longer than the time that the microcell needs
162 to fully recharge. As expected in these circumstances the microcell is usu-

163 ally fully recharged before it detects a photon. However, the results in fig-
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Figure 10. The ratio between the characteristic time obtained from the saturated current at
each over-voltage to this time for an over-voltage of 3.85 V.

164 ure 9 show a photon being detected when the microcell is only partly re-
165 charged. This event clearly shows that, despite the concept of a dead time
166 leading to an equation, equation (14), that fits the measured bias current
167 data, microcells can detect photons when only partially recharged. Some
168 conclusions arising from any simulations which assume that microcells are
169 unable to detect photons whilst they are recharging will therefore be not
170 be reliable. In addition, it should be possible to improve on any methods
171 to compensate for the impact of the non-linearity which arise from these
172 simulations.

173 4.2 A simple method of estimating the maximum count rate.

174 Although the concept of dead time, which was part of the derivation
175 of (14), isn’t accurate this equation has been shown to agree with measured
476 bias current data. An important aspect of the derivation of equation (14) [4]
177 was that it assumed that there was a minimum time between photons that
178 a microcell could detect, 7p,. However, this parameter wasn’t related to the
479 recharge time of the microcell and it was therefore used to fit (14) to a par-
180 ticular set of experimental data.

181 The reason why it has previously been possible to show agreement be-
182 tween (14) and experimental results can be understood by considering the
183 current flowing when the SiPM response saturates. Saturation occurs when
184 the denominator of (14) is dominated by the second term and the resulting
185 current when the SiPM saturates is

486 [sar = NcellchellVov/Tp (15)
187 This means that

488 Usat (Vov1)/Vov1)/ Usat (Vov2) / Voy2) = Tp (Vovz)/‘[p (Vov1) (16)
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189 Consequently, the ratio of characteristic times needed to fit (14) to bias cur-
490 rents measured at different over-voltages can be determined from (16).
191 This ratio of characteristic times has been determined for a wide range of
192 over-voltages. The results in figure 10 show that, once the over-voltage is
193 more than 1.5V, this characteristic time is almost constant. This means that,
194 for the range of over-voltages that are typically used, the maximum count
195 rate of a SiPM can be estimated using
196 Cmax = WNeells /Tp (17)
197 where 7, is approximately 2.2 times the RC time constant of the micro-
498 cells [10].
199 4.3 A simple method of predicting the impact of ambient light
500 The results in figures 7 and 8 show that the results of the Monte Carlo
501 simulations can be used to predict the results of data transmission over a
502 wide range of ambient light conditions. However, each simulation can take
503 an inconvenient time. An even simpler prediction method would therefore
504 be advantageous. The experimental results for the two data rates, 500 Mbps
505 and 1000 Mbps, for which the VLC systems performance is determined by
506 the SiPM alone are shown in figure 11. This figure also includes the perfor-
507 mance of these systems predicted using the SiPM parameters and (11). The
508 results in this figure show that the performance of the SiPM receiver at
509 500 Mbps and 1000 Mbps can be predicted using Poisson statistics until
510 approximately 100 detected ambient light photons per bit. However, by
511 1000 detected ambient light photons per bit there is an error of a factor of
512 approximately 2 in the prediction. If the photon detection efficiency is 0.35

10°

‘A

101 L
Ideal Poisson Statistics
500 Mbps Measurement

® 1000 Mbps Measurement
""""" 500 Mbps Poisson Corrected
--------- 1000 Mbps Poisson Corrected

Tx Detected Photons per Bit

100~ '
10° 10’ 102 10° 10*
Ambient Detected Photons per Bit
Figure 11. Experimental results for 500 Mbps and 1000 Mbps compared to the results ex-
pected from Poisson Theory and these results combined with the correction, equation (18).
The x axis is the equivalent 405 nm irradiance that generates the same count rate and hence
bias current as the incident ambient light.
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then 1000 detected photons per bit corresponds to an irradiance of
78 mWm=.

Figure 9 shows that photons can be detected before a microcell is fully
charged and, hence whilst the microcells PDE is less than its maximum
value. Furthermore, as the irradiance increases, more microcells will detect
photons whilst their PDE is less than the maximum. The average PDE of
the array at times when photons are detected has been calculated for dif-
ferent simulated irradiances. The results in figure 12 show that, as expected,
when the irradiance is high enough this array average PDE when any pho-
ton is detected decreases. This change in the array average PDE alone
might explain the non-linear response of the SiPM. However, the irradi-
ance at which the array average PDE falls to half its maximum value is
193 mWm?. In contrast, the current falls to half the value expected from its
linear response when the irradiance is 73.6 mWm™2. The change in the array
average PDE when photons are detected can’t therefore be the only mech-
anism contributing to the SiPMs non-linear response.

An important assumption in the Monte Carlo simulation is that the
height of the fast output pulse generated when a photon is detected is pro-
portional to the charge on the microcell when that photon is detected. This
means that the smaller charge stored on a microcell when it detects a pho-
ton before it is fully recharged may be contributing to the non-linear re-
sponse of both the bias current and the fast output used when the SiPM is
a receiver. This may explain why the irradiance at which the transmitters
sensitivity is half the expected value, 78 mWm?, is similar to the irradiance
at which the measured bias current is half the expected value.
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538 It appears that the charge stored when a photon is detected is contrib-
539 uting to the SiPMs non-linearity. The average charge stored on a microcell
540 when it detects a photon has therefore been calculated at different irradi-
541 ances. The results in figure 12 show that this effect is as significant as the
542 change in the array average PDE when a photon is detected. Consequently,
543 when the two processes are taken into account the average signal per inci-
544 dent photon falls to half its maximum value at an irradiance of 65 mWm?,
545 which is much closer to the irradiance at which the bias current is half the
546 value expected from its linear response

547 The origin of the fast output pulses and the results in figure 12 suggest
548 that the non-linearity in the bias current should also have an impact on the
549 performance of the SiPM as a receiver. In this case the impact of the non-
550 linear SiPM response on the performance of a VLC system can be predicted
551 by multiplying the predictions from Poisson statistics by a correction factor
552 1+« Tp L (18)
553 The results in figure 11 show that with this correction the experimental re-
554 sults for 500 Mbps and 1000 Mbps can be predicted accurately under a wide
555 range of ambient light conditions.

556 4.4 Selecting optical filters for operation in ambient light

557 Results such as those in figure 7 show that even in the presence of a signif-
558 icant amount of ambient light data rates up to at least 1500 Mbps can be
559 received. However, the noise added by the ambient light increases the ir-
560 radiance from the transmitter required to achieve a particular combination
561 of BER and data rate. In addition, at high ambient light irradiances the non-
562 linear response of the SiPM can cause an additional increase in the required
563 transmitter irradiance. This means that the SiPM should be protected from
564 ambient light using optical filters.

565 In the past optical filters with narrow pass-bands have been used to
566 protect SiPMs from ambient light [5,6,10]. However, they restrict the re-
567 ceiver’s field-of-view. Consequently, optical filters which absorb light and
568 which support wider fields of view are preferred [11]. The first priority
569 when selecting filters should be to limit the impact of the SiPMs non-line-
570 arity. Equation (18) is valid for monochromatic light and the equivalent
571 equation for ambient light would need to take into account the spectrum
572 of the ambient light and the wavelength dependence of the SiPMs PDE.
573 However, this non-linearity affects the bias current. Consequently the ef-
574 fectiveness of filters can be determined by measuring the bias current for
575 a particular SiPM and ambient light source when different filters, or com-
576 binations of filters, are placed in front of the SiPM. If the ambient light is
577 strong enough to force the SiPM into its non-linear region the first priority

578 is to use filters that reduce its impact so that the impact of the SiPM’s non-
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579 linearity is reduced. The non-linearity will double the required transmitter
580 irradiance when

581 & Tp Legr = 1 (19)
582 where Les is the 405 nm irradiance that gives the same bias current as the
583 ambient light. At this irradiance the bias current is half the maximum bias
584 current. The first aim should be to ensure that the non-linearity increases
585 the required transmitter irradiance by a factor of two or less. This means
586 reducing the measured bias current to less than half its maximum value.
587 However, if the bias current can be reduced to less than one tenth of its
588 maximum value then the non-linearity is only increasing the required irra-
589 diance by approximately 10%, and may therefore be considered negligible.
590 A potential problem with aiming to reduce the bias current using fil-
591 ters is that it may require filters that also attenuate the wavelength used to
592 transmit data. Even when filters are used in high levels of ambient light the
593 number of detected photons per bit will probably be high enough for the
594 Poisson distribution to be approximately by a normal distribution. If this
595 is the case the noise caused by the ambient light will be proportional to the
596 square-root of the rate at which ambient light photons are detected. This
597 means that if using a filter reduces the bias current by a factor of 1/n then
598 the signal to noise ratio, and hence bit error rate, will be maintained if the
599 filter also reduces the bias current from the transmitter alone by a factor of
500 1An. This means that it isn’t always necessary to use optical filters which
501 transmit all of the photons from the transmitter.

502 4.5 Future work

503 In the future understanding of the origins of the SiPMs non-linear response
504 obtained from Monte-Carlo simulations could be used to develop methods
505 to accommodate this non-linear when it is caused by the transmitted data
506 rather than by ambient light. This situation will most often arise when or-
507 thogonal frequency division multiplexing (OFDM) is used as a modulation
508 scheme. In OFDM data is transmitted by modulating several orthogonal
509 carriers. This increases the amount of data that can be transmitted in the
510 systems bandwidth. However, adding subcarriers means that OFDM has a
511 high peak transmitted power. Furthermore, the process of separating the
512 subcarriers relies upon the assumption that the system has a linear re-
513 sponse. At the moment the state-of-the-art method of dealing with the
514 SiPM non-linearity when OFDM is employed is to use a Volterra series
515 non-linear equalizer [13,14]. However, this standard adaptive method re-
516 lies upon a large number of parameters. In the future, the understanding
517 of the origins of the SiPMs non-linearity arising from the Monte Carlo sim-
518 ulations might lead to the development of a specific method to deal with

519 the SiPM non-linearity when OFDM is being used. This would hopefully
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be simpler to implement and/or improve the systems performance when
compared to the existing start of the art.

If SiPMs become the photodetectors of choice in receivers then manu-
facturers will need to determine the relative importance of SiPM parame-
ters such as PDE, number of microcells, recovery time and output pulse
width. The impact of these parameters could be investigated experimen-
tally using those SiPMs that are already commercially available. However,
experiments are difficult to perform reliably, the available SiPMs represent
a small range of possible parameter values and other parts of the system,
in particular the transmitter, can have an impact on the experimental re-
sults. These considerations mean that the best way to compare the perfor-
mance of SiPMs with different parameter combinations is using a detailed
numerical simulation which has been shown to generate results which
agree with experimental results.

Funding: This research has been supported by the UK Engineering and
Physical Sciences Research Council (EPSRC) under Grant EP/R00689X/1.
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