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Abstract—In a silicon photomultiplier (SiPM), also referred to as
multi-pixel photon counter (MPPC), many Geiger-mode avalanche
photodiodes (GM-APDs) are connected in parallel so as to com-
bine the photon counting capabilities of each of these so-called mi-
crocells into a proportional light sensor. The discharge of a single
microcell is relatively well understood and electronic models exist
to simulate this process. In this paper we introduce an extended
model that is able to simulate the simultaneous discharge of mul-
tiple cells. This model is used to predict the SiPM signal in re-
sponse to fast light pulses as a function of the number of fired cells,
taking into account the influence of the input impedance of the
SiPM preamplifier. The model predicts that the electronic signal
is not proportional to the number of fired cells if the preamplifier
input impedance is not zero. This effect becomes more important
for SiPMs with lower parasitic capacitance (which otherwise is a
favorable property). The model is validated by comparing its pre-
dictions to experimental data obtained with two different SiPMs
(Hamamatsu S10362-11-25u and Hamamatsu S10362-33-25¢) illu-
minated with ps laser pulses. The experimental results are in good
agreement with the model predictions.

Index Terms—Equivalent circuit model, MPPC, non-propor-
tionality, simulation, SiPM.

1. INTRODUCTION

ILICON photomultipliers (SiPMs), also referred to as
multi-pixel photon counters (MPPCs), are a relatively
new and promising class of solid-state, low-level light sen-
sors with potential in a multitude of applications such as
high-energy physics, astronomy, biomolecular imaging, and
medical imaging [1]-[4]. SiPMs are comprised of many,
tiny, self-quenching Geiger-mode avalanche photodiodes
(GM-APD:s), all connected in parallel. A consequence of the
Geiger-mode operation of the APDs is that their individual
signals do not carry any information about the intensity of the
detected light. However, the massive parallel connection of
these so-called microcells, their small dimensions, their dense
packaging, and their short recovery times (20 ns to 150 ns
[5], [6]) allow for a nearly proportional response if the light
intensity is not too high, i.e., if the probability that more than
one photon hits a single microcell within its recovery time is
negligible [7].
For a thorough analysis and interpretation of SiPM signals
a detailed understanding of the discharge process and of the
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influence of the front-end electronics is compulsory. A pow-
erful method to achieve this is the utilization of equivalent-cir-
cuit models that describe the physical discharge and quenching
processes. Such models have already been developed for indi-
vidual GM-ADPs [8], [9] and for single cells firing within a
SiPM [10]-[12].

In this paper we introduce an extended model that allows for
the simulation of the simultaneous firing of multiple microcells
in a SiPM. We will show that such a multi-cell model is nec-
essary to adequately describe the operation of a SiPM since its
instantaneous electronic properties are a function of the number
of cells firing. We will furthermore demonstrate that this results
in an influence of the input impedance of the front-end elec-
tronics on the proportionality of the SiPM signal. The results
obtained from these simulations are validated by comparison to
experimental data obtained with two different SiPMs (Hama-
matsu S10362-11-25u and Hamamatsu S10362-33-25c¢).

II. METHODS AND MATERIALS

A. Simulation Model

The equivalent circuit simulating the discharge of Nt cells in
a SiPM consisting of a total number of N, microcells is illus-
trated in Fig. 1. The dashed lines in Fig. 1 separate the circuit
into an active part (left), representing a number of N¢ fired mi-
crocells in parallel; a passive component (middle), representing
the remaining, N, = Nio¢ — Nt unfired microcells; and a par-
asitic capacitance Cy (right), which equals the sum of the par-
asitic capacitances of the Ny cells connected in parallel. The
resistor and capacitor values in the active and passive part of the
circuit are given by

R
CD,Nf = CD . Nf7 Rq,Nf = _‘17 Cq,Nf = Cq . Nf7

N¢
Rq
Cpnp =Cp - Ny, Bynp = N Cqnp = Cq - Np,
p
Rp
Rp Nt =— 1
DN = (1

where Cp is the capacitance of the reverse-biased diode, Rp is
the series resistance of the microplasma in the avalanche, R is
the quench resistor and (| is its associated stray capacitance,
all for an individual microcell. For the special case of Ny = 1
the equivalent circuit is similar to the ones used by Pavlov ez al.
[10] and Corsi et al. [11] to simulate the signal for a single fired
cell in a SiPM.

In addition to the possibility to simulate signals for more than
one fired cell, the circuit presented in Fig. 1 also differs from the
latter two models in the way in which the signal charge is gen-
erated. Pavlov and Corsi both employ a current source, whilst
in the present work the avalanche following a breakdown event
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Fig. 1. Equivalent circuit for the discharge of N¢ microcells in a SiPM (sym-
bols are explained in Section II-A).
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Fig. 2. Simplified diagram of the circuit used in the simulations and experi-
ments. The circuit includes a voltage source Vg;,s for SiPM biasing, the shunt
resistor Rs, and a preamplifier based on the AD8000 opamp. Note that in this
configuration Vg;as has to be negative to ensure that the SiPM is reverse biased.
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Fig. 3. The setup used to record the SiPM response to ps laser pulses. The re-
verse biased SiPM (V.. = —71.10 V for MPPC-11 and Vgj.. = —68.82V
for MPPC-33) is illuminated with attenuated laser pulses. The signal is recorded
over the shunt resistor Rs and digitized with a fast digitizer. Further details are
given in the text.

is modeled by the voltage source V4, the resistor Rs, and a
switch. This is in accordance with the works by R. H. Haitz [8]
and Cova et al. [9], which deal with breakdown events in indi-
vidual diodes, rather than arrays of GM-APDs in a SiPM.

The switch is implemented such that it closes at a preset time
to marking the start of a breakdown event. The switch then mon-
itors the microplasma current I through the diode (i.e., through
Rp and W4,,) and opens if Iy drops below a predefined threshold
current I, N¢, thus quenching the avalanche. I nf is determined
by the average quenching current of an individual microcell I
and the number of fired cells:

Iyne =1y Ny ©)
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B. Simulations

All electronic simulations in this work were performed with
LTspicel, a circuit simulation engine based on Berkeley SPICE
3f42. In a first simulation aimed at the direct comparison of sim-
ulated and measured pulse traces, a transient analysis was per-
formed on the circuit shown in Fig. 2. This circuit consists of the
SiPM model discussed in Section II-A, a shunt resistor Rg, and
a preamplification stage. The values of the shunt resistor and the
resistors that determine the amplifier gain (R and R in Fig. 2),
as well as the operational amplifier (opamp) type (AD8000 from
Analog Devices) were chosen to match the ones used in the
present experiments (see Section II-C). A SPICE model for the
ADS8000 opamp is available from the manufacturer. The model
parameters for the SiPM electronic model were determined in
separate experiments as described in Section II-D.

The influence of the shunt resistor Rg and the microplasma
series resistance Rp on the SiPM signal was investigated in a
second set of simulations. Here, the amplifier was omitted to
exclude its potential influence on the signal (e.g., due to its finite
bandwidth) and the signal charge was determined directly from
the integral of the current through Rs.

In a third series of simulations, performed to derive the
transfer function of a single cell, the switch was removed from
the SiPM model and the voltage source was replaced by an
ideal current source generating an AC signal. AC analyses
in the frequency range between 100 kHz and 1 GHz were
performed for different values of the shunt resistor Rg. Again,
no amplifier was included. The —3 dB points were determined
by linear interpolation between the two data points just above
and below the —3 dB level. The error margin for this procedure
is estimated as the distance between these two data points.

C. Experimental Setup

All experiments were performed with two different SiPMs,
viz. the MPPC-S10362-11-25u and the MPPC-S10362-33-25¢
by Hamamatsu Photonics K.K. (denoted as MPPC-11 and
MPPC-33, respectively, in the remainder of this work).
The SiPMs were operated at 21°C and at a bias voltage
of VRias = —71.10 V in the case of the MPPC-11 and
VBias = —68.82 V in the case of the MPPC-33. These are
the operating voltages recommended by the manufacturer,
corresponding to 2.30 V (MPPC-11) and 1.52 V (MPPC-33)
over breakdown (often also denoted as over-voltage). The dark
count rates f4q, measured under these conditions are 250 kHz
for the MPPC-11 and 2.2 MHz for the MPPC-33. fq is defined
here as the frequency of occurrence of a pulse with a peak
height of least 0.5 times the average single cell signal. The
cross talk and after pulsing probability at these conditions are
reported to be 0.1% and 30%, respectively [13].

The setup used to determine the SiPM response to ps laser
pulses is shown in Fig. 3. A SiPM was illuminated with a Hama-
matsu PLP-04 laser (average pulse duration 50 ps, 10 kHz rep-
etition rate). The laser light was fed via a fiber optic cable into
a dark box. The diameter of the laser spot at the SiPM position
was about 2 cm. The intensity of the light was regulated with

thitp://www linear.com/designtools/software/#Spice
Zhttp://bwrc.eecs.berkeley.edu/Classes/icbook/SPICE/

Authorized licensed use limited to: TU Delft Library. Downloaded on July 06,2010 at 12:13:00 UTC from IEEE Xplore. Restrictions apply.



3728

neutral density filters. A 30%-to-70% beam splitter was used to
couple a photodiode into the beam for monitoring the laser in-
tensity.

The SiPM current was converted by a shunt resistor (Rg) into
a voltage that was subsequently amplified by a high-bandwidth
voltage amplifier (made in-house on the basis of the AD8000
current feedback opamp, see Fig. 2). This circuit layout was
chosen because it allows for easy control of the impedance seen
by the SiPM. The amplifier gain was adjusted to achieve similar
output amplitudes with the two shunt resistors used in this work
(287 V/A for Rg = 50 2 and 295 V/A for Rg = 100 2, respec-
tively). The amplified signals were sampled using an Aqciris
DC282 fast 10-bit digitizer at a sampling rate of 8 GS/s. The
digitizer and the pulsed laser were simultaneously triggered by
an external clock generator. Since both the amplifier gain and
the value of Rg were known, the signal charge could be deter-
mined from the integral of the recorded trace. The time window
for the integration At¢; was chosen to match the SiPM pulses
(At; = 40 ns for MPPC-11 and Rs = 50 §2; At; = 60 ns for
MPPC-11 and Rs = 100 Q; At; = 120 ns for MPPC-33 and
Rs = 50 Q ;and At; = 210 ns for MPPC-33 and Rs = 100 ©2).

In experiments in which the laser intensity was of interest, the
signal of the abovementioned photodiode was shaped using an
Ortec 572A shaping amplifier (shaping time 500 ns, gain 25) and
the shaped signal was digitized simultaneously with the SiPM
signal using the same digitizer. In these cases the sample rate
for both signals was reduced to 4 GS/s.

D. Determination of the Model Parameters

The input parameters for the model described in Section II-A
were determined for each of the two SiPMs. Since the total
number of microcells is known for both devices (1600 for the
MPPC-11 and 14400 for the MPPC-33, respectively), the value
of R, can readily be obtained from the IV-curve of the for-
ward-biased SiPM.

The sum of the two capacitors Cy and Cp can be determined
if the charge Q¢ per fired cell and the breakdown voltage Var
are known [9]:

Rq
Qc = m(vblas — Ver)(Cp + Cy)

~ (Vibias — VBr)(Cp + Cy). 3)

For a fixed bias voltage, Q¢ can be obtained by applying
a linear fit to the peak positions in a signal charge histogram
recorded at low light intensity (see Fig. 4 for an example) with
the setup described in Section II-B. VR can be determined by
repeating these measurements at different bias voltages and ex-
trapolating Q¢ (VaR) to zero.

A procedure to separate the sum of the capacitances Cp and
(4 into its individual components and to determine C, has been
given by Corsi et al. [11]. The complex impedance 7 (w) of
the reverse-biased SiPM is measured in a dark box with a pre-
cision LCR meter (Agilent 4282A) at a signal frequency of
w = 1 MHz. Since the bias applied (—40 V) is well below the
breakdown voltage, no cells are fired and the equivalent circuit
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Fig. 4. Signal charge histogram measured with MPPC-11 at a bias voltage of
—71.10 V showing single, double, and triple electron—hole (eh) pair peaks. The
bin size is 1.7 fC.

for the SiPM is reduced to the passive (plus parasitic) compo-
nent with N, = Ny, see Fig. 1 and (1). Z(w) can then be
expressed as:

1, 1\

-1
1 1
=R 1/iwC 4
[( a.Npl[1/iw q’Np+iwCD,Np> ||7§ng] 4)

where G, and C,, are the measured parallel conductance and
capacitance of the SiPM, respectively, at the signal frequency
w. Equation (4) can be rewritten to derive the following expres-
sions? for Cp and Cj:

o 1+ w?(Cp + Cy)* R2 .
b w2Ntoth “

w?Cp’R:Nyot (Cp + Cy)
1+ w2R2(Cp + Cy)?

(&)

Cy =Cl — NuotCOp + ©)

III. RESULTS AND DISCUSSION

A. SiPM Model Parameters

The model parameters determined for MPPC-11 and
MPPC-33 are summarized in Table I. The measured capaci-
tance of the individual diodes and the quench resistors’ stray
capacitance are similar for the two SiPMs investigated. This is
expected, as the pitch between the microcells and the area of the
diodes are the same for both devices. However, the nine times
larger total area of MPPC-33 results in a parasitic capacitance
much larger than that of MPPC-11.

A value for the average quenching current I is not readily
available through measurement on a SiPM. Yet, a reasonable
estimate can be made based on the quench resistor values and

3The equations for Cp and C;, as published in [11] contain two errors. Firstly
the denominator under the square root in (5) contains B’é instead of R, which
would leave this equation with unbalanced units. Secondly the sign of the last
term in (6) is reversed.
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TABLE I
SUMMARY OF THE MODEL PARAMETERS DETERMINED EXPERIMENTALLY
FOR MPPC-11 AND MPPC-33. THE ERROR MARGINS INDICATE 95%
CONFIDENCE INTERVALS

MPPC-11 MPPC-33
Vor (V) 68.8% 1.5 67.3+09
Cp (fF) 15012 15404
Cy (P 43212 34+04
Ry (kQ) 179 + 1 268 +2
C. (pF) 75+19 59+5
Ri (k) 1 1
I,  (uA) 30 30

the voltage over breakdown Vg during normal operation of the
device.

After an avalanche is triggered, the initially large mi-
croplasma current will drop and approach an asymptotic value
It due to the presence of the quench resistor [9]:

_ VYo Vos
Rot Rp =~ Ry

It (N
where the approximation is justified since I  typically has a
value of several hundred k{2 while Rp lies within the range
between 500 2 and a few k2 [9].

For the operation of a SiPM it is imperative, that every
avalanche is quenched properly and therefore 2, must be
chosen such that I¢ is well below I;. On the other hand, Ry
should be chosen as small as possible to ensure fast recovery
times. Therefore, I, should be larger, but not much larger than
It in a properly designed SiPM. Using the values presented
in Table I, It can be calculated to be 13 pA for the MPPC-11
and 6 pA for the MPPC-33. Based on these values, I, was
set to 30 pA. This value was chosen for both detectors, since
the individual GM APDs that compose the two devices should
essentially be the same.

The determination of the microplasma series resistance Rp
poses a similar problem. Since a direct measurement of the
voltage drop over a diode within an individual microcell is not
feasible, the only remaining possibility is a determination from
the signal rise time 7;, via the relation [9]

Rp nt - RyN
Tr:(CDny—}_C ,Nf)' M

Rp nt + Rq Nt
- Rp - R,
=(Cp + Cq) o + Rq
~ (CD + Cq) - Rp. (8)

There are, however, additional factors influencing the rise
time of the measured signal, such as the finite bandwidth of the
amplifier and the digitizer as well as inductances in the signal
chain, which prevent a direct extraction of the value of Rp. For
all matters discussed in this work, however, the influence of Rp
is very small. Fig. 5 illustrates that varying Rp within a range
of 500 2 to 5 k2 has only very little effect on the simulated
signal shape. This also underlines the difficulty of determining
Rp from a measured signal. In Fig. 6 the signal charge ob-
tained from the simulated data, using N¢ = 1000 for MPPC-11
and Ny = 5000 for MPPC-33, is plotted as a function of Rp.
The output signal charge is expressed in terms of the equivalent
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Fig. 5. Simulated signal as a function of the microplasma series resistance. For
both devices, (a) the MPPC-11 and (b) the MPPC-33, the observed changes are
marginal when varying Ry, from 500 Q to 5 k(2. The insets show the initial
parts of the pulses.
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Fig. 6. Equivalent number of fired cells [V obtained from the simulated data,
for a true number of fired cells Ny = 1000 for MPPC-11(a) and for Ny = 5000
for MPPC-33 (b), as a function of Rp.

number of fired cells N¢, defined as the ratio of the total signal
charge and the charge due to a single firing microcell. Also in
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Fig. 7. Examples of simulated and measured pulse traces of the two SiPMs in combination with different shunt resistors, illuminated with ~ 50 ps laser pulses of
different intensity: MPPC-11 and Rs = 50 € (a), MPPC-11 and Rs = 100 € (b), MPPC-33 and Rs = 50 €2 (c), MPPC-33 and Rs = 100 2 (d). The equivalent
number of fired cells was calculated from the pulse integrals and the single cell gain.

this figure, the change with Rp is small, compared to the devia-
tion of the measured Ny from N with increasing shunt resistor
Rg. The latter effect will be discussed later on in this paper. In
the remaining simulations presented in this work a value of 1 k{2
was assumed for Rp.

B. Comparison of Simulations and Measured Data

Fig. 7 shows some experimentally recorded traces for dif-
ferent combinations of SiPMs and shunt resistors and for dif-
ferent laser intensities. These are compared to traces simulated
for the same conditions and with N¢ matching the equivalent
number of fired cells obtained from the pulse integral of the
corresponding measured trace. The figure shows that both pulse
height and pulse shape are reproduced quite well by the simu-
lations, especially around the initial decay of the pulses. These
parts of the traces are governed by the low-pass characteristics
of the circuit formed by the combination of the SiPM and the
shunt resistor. The —3 dB point of this low pass filter can be ob-
tained from the simulated transfer function of the circuit (SiPM
model plus Rs). The time constant 7_3qp corresponding to the
frequency at the —3 dB point f_34p then corresponds very well
to the pulse decay times 74 obtained by fitting an exponential
function to the measured curve (see Table II). The error mar-
gins for 74 were estimated from the 95% confidence intervals
of the fits to the measured data.

Starting from about 20 ns — 50 ns after the light pulse, how-
ever, the measured traces start to deviate from the predicted
ones. This can be attributed to afterpulsing of some of the fired

TABLE II
COMPARISON OF THE MEASURED SIPM SIGNAL DECAY TIME T4 AND THE
CHARACTERISTIC TIME CONSTANTS ASSOCIATED WITH THE —3 dB POINTS IN
THE SIPM SIGNAL TRANSFER FUNCTIONS

MPPC-11 MPPC-33
Rs=50Q Rs=100 Q Rs=50Q Rs=100 Q
7 (ns) 466+0.12  592+0.16 1855+0.20 34.13+0.16
faa(MHz) 3452+0.08 26.50+0.07 895+0.022 5.03+0.012
7.3g3(NS) 4.61+£0.011 6.00+0.016 17.78+0.05 31.66 +0.08

cells, which is not taken into account by the simulations and
which leads to the observed slower decay.

A slight mismatch also remains in the rising edges, which,
in all measurements, is somewhat slower than predicted by the
simulations (see Table IIT). There are a number of potential rea-
sons for this mismatch. One possibility is the presence of in-
ductances in the signal chain which limit the bandwidth of the
overall circuit. Simulations with a modified SiPM model show
that an inductance of a few nH in series with the SiPM could
already decrease the rise time to the observed value. A second
possible reason is that differences between the signal transient
times of different microcells could lead to an increase in the
effective signal rise time, as the signals from many fired cells
are being summed. These differences, however, are expected to
be in the order of a few hundred ps due to the relatively small
dimensions of the devices and are therefore expected to be too
small to be the sole reason for the observed increase in rise time.
Thirdly, also the choice of Rp has some influence on the sim-
ulated signal rise times. However, this influence is small for a
large range of resistor values (see Fig. 6).
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TABLE III
COMPARISON OF THE 10%-90% RISE TIME OBTAINED FROM THE MEASURED
DATA (¢19-99) AND FROM THE SIMULATED TRACES (¢10-90)

‘m

MPPC-11 MPPC-33
Rs=500Q  Rs=100Q  Rs=50Q  Rs=100Q

% (ns) 12+0.2 12+02 2002 22402

1 (ns) 0.4 +0.05 0.5+0.05 1.2+0.05 1.4 +0.05
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Fig. 8. Simulated microplasma current I, for different N¢. I is normalized
to N¢. The inset depicts a zoom on the tail of the pulses, where the avalanches
are quenched.

A further prediction of the model concerns the signal genera-
tion. The parallel combination of firing microcells leads to a de-
crease of both 12, ny and Rp n¢ with increasing number of fired
cells. Since both resistors decrease at the same rate, the ratio
between Rp nf and the quench resistor also remains constant,
as long as the load impedance is zero. This, however, changes,
when the resistor Rg is added in series. Now, an increase in the
number of fired cells changes the ratio between Rp ny and the
effective quench resistor [Zy nr + Igs. The resulting effect is the
same, as if the quench resistor of the individual cells was in-
creased. The result is an earlier average quenching time. This is
illustrated in Fig. 8, where the normalized microplasma current
Ip is shown for an increasing number of fired cells.

It should be noted, that the time constant associated with
the decay of the avalanche current is mainly determined by
Rp (since Rp ny < Ry ~e + Rg remains true, also for larger
Ny). Therefore, it may not be immediately obvious why the
quenching threshold should be reached earlier as V¢ increases.
The answer lies in the fact that the avalanche current does not
decay to zero but to the asymptotic value given in (7), which
is governed by the quench resistor value. As the quench re-
sistor effectively increases, this asymptotic value decreases, and
since the avalanche decays towards a lower asymptotic value, it
reaches the quenching threshold on average earlier.

The decrease of the average quenching time with increasing
Ny decreases the charge per fired cell and, therefore, the signal
is no longer proportional to N¢. This behavior is illustrated in
Fig. 9, which shows the simulated output signal as a function
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Fig. 9. Predicted SiPM signal, normalized to the single cell charge, as a func-
tion of the true number of fired cells, for (a) MPPC-11 and (b) MPPC-33. Both
SiPMs show an increasing deviation of the equivalent number of fired cells
from the true value of Ny with increasing Ny. Please note that the lines for
Rs = 50 © and Rs = 100 € overlap in both figures.

of the number of fired cells for different shunt resistor values
R,. Both SiPMs exhibit a distinct deviation from proportion-
ality if the input impedance of the front-end electronics is not
zero. This electronic non-proportionality is most pronounced for
MPPC-11: at 1000 fired cells and with Rs = 50 Q the devia-
tion is 7%, compared to only 1% for MPPC-33 under the same
conditions.

This difference between the two SiPMs is examined in more
detail in Fig. 10, in which the equivalent number of fired cells
Ny is plotted against Rs for a fixed number of fired cells
(V¢ = 1000). For both SiPMs, N¢ decreases quickly as Rg is
increased above zero, until an asymptotic value is approached.
In Fig. 10(a) it is apparent that this happens at much lower Rg
for MPPC-33 than for MPPC-11. One cause of this difference
is the difference in total SiPM capacitance. The capacitances
of MPPC-11 and MPPC-33 can be estimated from the values
given in Table I to be ~ 11 pF and ~ 99 pF, respectively, at
high frequencies, and ~ 32 pF and ~ 281 pF, respectively, at
low frequencies. The SiPM capacitance, however, constitutes
a finite impedance at any of the frequencies within the signal
spectrum and, since it is in parallel to Rg, this impedance
limits the shunt resistor’s influence on the quenching process.
This can be illustrated by increasing the parasitic capacitance
Cy (and thus the total capacitance) in the MPPC-11 model.
Fig. 10(b) shows that this leads to a significant reduction of the
observed non-proportionality indeed.

A second reason for the electronic non-proportionality to
be more pronounced for MPPC-11 than for MPPC-33 is the
fact that MPPC-11 has a smaller quench resistor value R (see
Table I). This means that, relative to 74, the increase of the
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Fig. 10. SiPM signal, normalized to the single cell charge plotted against
Rg for MPPC-11 at a fixed number of 1000 fired cells (a) in comparison to
MPPC-33 and (b) as a function of C; and for two different values for Rq (179
k€, corresponding to MPPC-11, and 268 k{2, corresponding to MPPC-33,
respectively).

effective quench resistance with Nt is larger if all other condi-
tions are the same. This is demonstrated by changing I in the
MPPC-11 model from 179 k€ to 268 k2 (i.e., the value for the
MPPC-33. This slightly reduces the electronic non-proportion-
ality indeed. As can be seen in Fig. 10(b), however, this effect
is much smaller than the change due to the added capacitance.

The predicted electronic non-proportionality can also be
found in the experimental data. In Fig. 11 the signals of
MPPC-11 (a) and MPPC-33 (b) are plotted against the intensity
of the exciting laser pulses for two different shunt resistor
values. For each data point in this figure, both the signal charge
and the laser pulse intensity were averaged over at least 2000
pulses.

Unfortunately, the interpretation of these measurements is
complicated by the intrinsic non-proportionality of the SiPM
response to optical stimulation [7]. However, for light pulses
of much shorter duration than the GM-APD recharge time a
simple statistical model can be used to describe the relationship
between the number of fired cells Ny and the intensity of the
exciting light pulse [7]:

- I
Nt = Niot {1 — €xp <_J£V >}
tot

where ¢ is the constant of proportionality between the measured
laser intensity I and the number of triggered cells, given that all
cells are fully charged at the time. It is comprised of the photon
detection efficiency of the device, the cross talk probability and
a constant of proportionality between I and the number of pho-
tons arriving at the sensor. £ can be determined by fitting this
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Fig. 11. Signals of (a) MPPC-11 and (b) MPPC-33 plotted against the relative
intensity of the exciting laser pulse. The dotted red line is a linear extrapola-
tion of the data points at the low light intensity. The dashed line constitutes the
extrapolation of the SiPM signals below 80 (MPPC-11) and 500 (MPPC-33)
equivalent fired cells with the corresponding 95% prediction intervals, taking
into account optical SiPM saturation. The solid lines depict the correction of
the extrapolated curve for the electronic non-proportionality.

saturation model to the experimental data. Since (9) does not
take into account electronic non-proportionality, the fit was per-
formed using only the data points corresponding to up to 80
equivalent fired cells for MPPC-11 and up to 500 equivalent
fired cells for MPPC-33 (as indicated by the dotted circles in
Fig. 11). In this range the calculated electronic non-proportion-
ality is smaller than 0.5% for both detectors.

Extrapolation of these fits (dashed lines in Fig. 11) shows that
the measured signals for both SiPMs and for both shunt resistor
values are indeed smaller than would be expected if only op-
tical SiPM saturation were considered. Also the fact that the ob-
served deviation is much stronger for the smaller MPPC-11 with
smaller associated capacitance is in agreement with our model.
Here it should be noted that the same procedure applied to data
obtained with a transimpedance amplifier with very low input
impedance yielded good agreement between the extrapolation
and the measured data [14].

The solid lines in Fig. 11 depict the correction of the ex-
trapolation of Ny for the electronic non-proportionality, as
predicted by the simulations. The graphs indicate that the
simulations actually underestimate the magnitude of the elec-
tronic non-proportionality. This might be linked, again, to the
neglected inductances of the SiPM and of the electronics used
in the experiments. Inductances in the signal chain can increase
the impedance at signal frequencies, which in return would
increase the deviation from proportionality. This is plausible
since the impedance seen by the SiPM in the signal frequency
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band is only a few (2, so small absolute changes can have a
large influence on the observed behavior.

IV. CONCLUSIONS AND OUTLOOK

Animproved electronic model for the simulation of the simul-
taneous firing of multiple microcells in a SiPM has been intro-
duced in this paper. The necessary model parameters were de-
termined experimentally for two different SiPMs (Hamamatsu
S10362-11-25u and Hamamatsu S10362-33-25c). Comparison
of simulated and measured signals of these SiPMs was shown
to yield excellent agreement.

Furthermore, it is shown that the model can be an important
tool for the interpretation of the SiPM response to instantaneous
light pulses and for the development of front-end electronics.
This was illustrated by predicting the effect of the preampli-
fier input impedance on the proportionality of the SiPM signal.
The electronic signal was shown to be non-proportional to the
number of fired cells unless the preamplifier input impedance
equals zero. Again, these predictions were confirmed by exper-
iments.

Although the assumption of simultaneous triggering of the
microcells might seem a limitation of the proposed multicell
model, its practical use is not necessarily limited to the case of
instantaneous excitation. In fact, the model can easily be adapted
to simulate the response to a light pulse of finite duration (such
as a scintillation pulse). This can be done by placing a number
of active subcircuits in parallel and closing the corresponding
switches according to a predefined trigger schedule determined
by the probabilities of photon arrival and absorption, avalanche
triggering, crosstalk and afterpulsing (which can e.g., be ob-
tained by Monte Carlo simulation).

Each of the active subcircuits may represent any number
of fired cells, which allows for a grouping of cells that may
greatly reduce the necessary number of circuit elements and
thus the computational expense of such a simulation. Cells
may be grouped if they a) are fired within a small time window
(smaller then the avalanching time) and b) are not fired again
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until they are completely recharged. If the second condition is
not met for a given cell, it could be treated as a single cell in
order to properly account for the influence of the cell recovery
time on subsequent discharges. The realization of such a model
and an investigation as to how accurately it predicts recovery
times and scintillation pulses is currently in progress.
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