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Filomeno Śanchez∗, Antonio Soriano∗, Luis F. Vidal∗, Jośe M. Benlloch∗,
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Abstract—In this work we describe a procedure to reduce
the number of signals detected by an array of 256 Silicon
Photomultipliers (SiPMs) using a resistor network to divide the
signal charge into few readout channels. Several configurations
were modeled, and the pulsed signal at the readout contacts
were simulated. These simulation results were experimentally
tested on a specifically designed and manufactured set of printed
circuit boards. Three network configurations were modeled. The
modeling provided encouraging results for all three configu-
rations. The measurements on the prototypes constructed for
this study, however, provided useful position-sensitivity for only
one of the network configurations. The lack of input signal
amplification into the networks, the SiPM dark current, as
well as the complexity of an eight layers board with parasitic
capacitances, could have caused the degradation of resolving the
impact photon position. This is hard to overcome with external
printed circuit boards and components.

I. I NTRODUCTION

Photosensors based on Silicon Photomultipliers (SiPMs) are
considered good substitutes for the well established Photomul-
tiplier Tube (PMT) technology [1], [2]. SiPMs are very fast,
have high gain and they are almost unaffected by magnetic
fields [3]. We intend to use arrays of SiPMs for the design
of Positron Emission Tomography (PET) detectors compatible
with Magnetic Resonance (MR) systems. To avoid the digiti-
zation of a considerable number of signals, multiplex circuits
have been proposed. We are also interested in reducing the
number of electronic components by avoiding the use of an
amplifier for each SiPM.

SiPMs are also of great interest since they enable determi-
nation of the Time of Flight (TOF) of the 511 keV annihilation
photons [4], are suitable for work under magnetic fields [3]
and, are easy to manufacture when compared to PMTs. State–
of–the–art whole body PET scanners based on PMTs can
already provide TOF information to be considered during the
data reconstruction process [5]. The proper use of SiPMs,
meaning a satisfactory discrimination of signal time, could
result on a time resolution in the order of few hundreds
of picoseconds [6]. SiPMs exhibit their best performance in
reduced active areas where the intrinsic dark counts (DC) are
minimized. Moreover, the compatibility of these photosensors
with magnetic fields suggests additional lines of research to
develop hybrid PET-MR detectors.

We propose a detector block containing two main com-
ponents, a SiPM array and a single monolithic crystal. The
present design intends to use a crystal with a 50×50 mm2 exit
face, coupled to a matrix of 256 SiPMs each with an active
area of 1×1 mm2 (see Fig. 1). These types of detectors, in
contrast to PMTs, account for moderate noise effects due to
thermal excitation which is amplified and output as DC. Since
SiPMs operate in Geiger mode, the DC contribution produces
a continuous offset which contains fluctuations producing a
baseline noise added to the pulse signals. Moreover, such
DC significantly depends on the ambient temperature and the
reverse bias voltage.

Fig. 1. Detector block approaches. From left to right, pixellated technology
coupled to PSPMTs, monolithic crystal coupled to PSPMTs and monolithic
crystal coupled to SiPM array via light guides.

Continuous scintillators allow one to determine the photon
Depth of Interaction (DOI) without the need for additional
components [7]. Crystals based on pixel arrays can provide
discrete DOI information using multiple scintillation layers
with different decay times [8], [9], but also continuous in-
formation when extra photosensors are located on opposite
crystal faces [10]. Both methods inherently increase system
complexity and cost. In contrast to these techniques, since
monolithic crystals preserve the light distribution, the knowl-
edge of the DOI can be obtained through the second moment,
namely the light spread (see Fig. 1). Another important feature
when dealing with continuous crystals is that their final spatial
resolution is not limited by the pixel size as it is the case of
crystal arrays, but rather by the determination of the center of
gravity of the light distribution [11], [12].

We present a method to reduce the number of output SiPM
signals based on different resistor network configurations. A



solution, based on signal charge sharing, has already been
studied by various authors and served as a good approximation
for most PMT tubes [13], but showing a complex output
impedance for SiPMs. Recently, this configuration has been
used for the readout of an array of SiPMs [14]. Reference [15]
describes a similar work but using a Single Photon Avalanche
Diodes (SPAD) model. As it will be described in the following
section, a more convenient configuration for an array of SiPMs
is one which avoids sharing the signal charge, see for instance
references [16], [17].

In this work we have developed a complete model which
describes the behavior of SiPMs. We have first modeled the
response of a single SiPM including DC effects, after-pulsing
and crosstalk, which are the statistical phenomena that affect
their signal response. These effects have not been included
in previous works [4] [18]. As will be described below, the
design of certain resistor networks can overcome time and
amplitude signal losses. Then, the presented SiPM model
has been applied to an array of SiPM using various resistor
network configurations. The simulation results will be further
compared with real measurements.

II. SIMULATION STUDY

The SiPM model, as well as the various resistor network
configurations, were implemented in Verilog-A using a be-
havioral characterization. This description language -analog
prolongation of Verilog HDL- allows us to obtain detailed
models of semiconductor devices with high level of abstrac-
tion. Moreover, it is important to consider that many accepted
simulation packages permit behavioral simulations in different
situations, so the model can be used in simulation tools like
SPECTRE, that was our case.

A. SiPM model

Since SiPMs are based on Avalanche Photodiodes (APDs)
working in Geiger mode along with quenching circuits, macro-
scopic currents generated by individual photons can be de-
tected. Indeed, SiPMs can be seen as the combined work of
isolated SPADs. From such a point of view, one considers that
the parallel effort of 102-105 SPADs working under a passive
quenching circuit defines the term SiPM [19]. The SiPMs
output pulse is similar to that of the SPADs and proportional
to the number of those triggered (analog sum of the individual
current of cells [20] [21]).

There are three factors that characterize these devices,
namely the internal noise, the dead time and the temperature
of operation. In the following, we will further describe these
effects since they are to be considered in the proposed SiPM
model.

The internal noise is often dominated by the dark counts,
which as commented above are produced by photon generated
carriers and thermally generated dark current carriers. How-
ever, the afterpulses and the crosstalk effect also contribute
to this noise. The afterpulses are spurious pulses following
the true signal, which occur when the generated carriers are
trapped by crystal (Si) defects and then released with a certain

time delay. During the avalanche process in Silicon, light is
produced at a probability of around 10−5 photons/electron
[22]. The crosstalk effect arises since, despite the very low
number of generated secondary photons, they can still be
captured by neighboring cells, which can then be triggered
to fire as well.

During the modeling of the SiPM, several temporal pa-
rameters have to be considered. The quenching time is the
elapsed time between the trigger of the avalanche current
and its extinction. The recharge (or reset) time is the time
between the quenching of the avalanche and the return to the
initial conditions of bias. While the element is recharging,
the detection efficiency and gain are lower than normal, but
the element can be retriggered during the recharge time. This
minimum time elapsed for the detection of two consecutive
photon arrivals is the dead time.

Finally, temperature affects the behavior of the SiPMs
considerably and has to be modeled carefully for a proper
characterization of the device. Important parameters suchas
the breakdown voltage, the carrier generation rate or the
lifetime of internal levels strongly depend on the temperature
[23].

Fig. 2. Equivalent circuit of the SiPM, containing the capacitance of the
diodeCD and a current source which emulates the current flowing through it
(depends on its equivalent resistance,RD , see Eq. 1), the quenching resistor
Rq and its parasitic capacitance associatedCq , as well as the grid parasitic
capacitanceCg .

In particular we have modeled the SiPM of Hamamatsu
Photonics, so-called MPPC (Multi-Pixel Photon Counter), with
a 1×1 mm2 active area and 50×50 µm2 cells, corresponding
to the model S10362-11-50C [24].

The model normally used to describe a SiPM is shown in
Figure 2. It is based on the models presented in [4] [18]
[25] in which the equations and measurements needed for
characterizing these devices are extensively explained. This
model consists of an active part due to the cells that are fired
(Nf ), a passive one with the inactive cells (N−Nf ) -each with
the quenching resistance, the emulation of the current through
the device and the corresponding parasitics- and an overall
parasitic capacitance stemming from the fabrication process.



The parameter values used in this work are the following:
Rq=175 kΩ, Cq=5 fF, CD=25 fF,Cg=30 fF andNtot=400.

However, this model has some problems. First of all,
experimental results show that the current flowing through the
SPADs is linearly dependent on the bias voltage only if this
current is higher than a certain level called latching current
[26] [27]. If not, the current will no longer be self-sustained. A
more realistic description would require the use of a piecewise
linear characteristic [26], though convergence problems due to
discontinuity during the simulations when changing from one
region to another suggest the use of a straight line in describing
the behavior of the SiPM in the avalanche region. In this work
we modeled the current (ISiPM ≡ I) through the device as
[23]:

I =











IS VD < VBR

Nf · (IS + Vn

RD
ln(1 + e

VD−VBR

Vn )) VD > VBR











(1)

whereIS is the saturation current,RD is the internal resis-
tance,Vn is a normalization voltage,VBR is the breakdown
voltage andVD is the voltage applied to the device. The fit
parameters wereIS=1.07×10−17 A, Vn=10 mV, RD=1 kΩ
andVBR=71.2 V.

The model is incomplete, due to the exclusion of statistical
phenomena which are key when characterizing the SiPMs.
The turn-on of the device is defined as the moment when a
photon striking the surface of a SiPM has a certain probability
of being detected and consequently, generating an avalanche
current [28].

This probability is given by the photon detection efficiency
(PDE), which varies depending on the wavelength of the
incoming photons. Nevertheless, the avalanche current could
also originate in non-desired phenomena: the dark count,
afterpulsing and crosstalk events. The latter two are included
in the photon detection efficiency as stated in the datasheet
provided by the manufacturer [24]. In the case of the dark
counts, they are modeled as in [23], adapting the values of the
parameters to those specified by the manufacturer.

Turn-off of the device is modeled by defining the latching
current as a threshold value below which the avalanche current
is no longer self-sustained. Typical values for this current are
in the order of 40-120µA for the SPADs [29]. Once the model
has been implemented, it is necessary to test its validity. For
that purpose, the circuit proposed by the manufacturer in the
datasheet of the product was built [24]. This allowed us to
perform experimental measurements and compare them with
the simulation results.

This circuit comprises an input resistance of 10 kΩ which
limits the amount of current flowing through the SiPM. A
50 Ω resistance was connected to the anode device to sense
the output signal of the SiPM. In addition to this resistor, a
100 nF capacitor was added as well as a voltage source for
biasing the device slightly above its breakdown voltage.

Figure 3 depicts the modeled curve at the anode of the
SiPM after the arrival of a photon. The concordance of this

result (both in the amplitude and width of the peak) with
known data [3] [30] shows the effectiveness of the developed
model. This model is extensible to other SiPM designs and it
is only necessary to perform the measurements described in
the bibliography [18] [31] to obtain the particular values of the
figures of merit that characterize the behavior of the detector.

Fig. 3. Modeled signal obtained for a single SiPM.

B. Resistor networks

Once we have successfully modeled a single SiPM device,
we studied SiPM matrices coupled to different readout config-
urations. In this work we have focused on several resistance
networks which are described in the following subsections
as alternatives for reading the detector matrices. We have
performed simulations using the model developed previously
for the SiPMs with the aim of reproducing the experimental
results. The electronic simulations have been carried out with
Spectre, in the Virtuoso environment by Cadence.

1) Discretized Positioning Circuit:The first resistive net-
work we simulated consists of a serial connection of all the
resistors. Such a network is represented in Figure 4 and it
is called Discretized Positioning Circuit (DPC). Of the three
possible readout techniques that we will study, it is that which
has been applied longest. In particular, it has been successfully
utilized when reading position sensitive photomultipliertubes
(PSPMTs) [13] but also with an array of SiPMs [14]. See
also references [32], [33] for gamma camera applications with
PSPMTs. It is the simplest topology amongst those studied
in this work. Through anI − V conversion, it is possible
to measure the voltage at the four corner outputs of the
network. With this type of configuration, the planar (XY )
impact positions, are obtained through the so-called Anger
logic [34], [13].

Xposition = VA+VB−VC−VD

VA+VB+VC+VD

Yposition = VA−VB−VC+VD

VA+VB+VC+VD
(2)

The analyses carried out have been transient simulations
in which we have emulated the arrival of photons to a 8×8
matrix of SiPMs (from left to right, and from top to bottom,
Fig. 4). This network has shown attenuation problems in prior
studies, especially for rows and columns in the middle of the



matrix. Moreover, delays in the arrival of the different signals
due to the various paths traveled depending on the position of
the impact have been observed [34].

Fig. 4. Schematic of the DPC resistor network.

Figure 5 shows the results of a transient analysis. We
selected an array of 64 elements due to its similarity with
the multi-anode structure of most PSPMTs. On left hand side
we plot the resultingVA and VD signals.VB and VC have
a complementary behavior. The map on the right side of the
figure, depicts theX andY positions after applying Eq. 2 to
the obtained data. The yellow dots represent the ideal positions
of the SiPM matrix. It is clear that, except for the points in the
edges, there is a distortion in the positions of the matrix and
the separation between the different elements is insignificant,
so this network presents a bad spatial resolution. Moreover,
for the intermediate rows and columns the attenuation is so
important that the signals are, in practice, hardly detectable.
This problem can be limited by changing the sensing resistance
connected to ground, though this was not enough in order to
obtain useful signals. It seems that, despite the simplicity of
this topology and its suitability in the case of PMTs, in the
current simulation study (Rn=1kΩ, Rn1=600Ω, Rn2=300Ω and
Rn3==100Ω), it is not the most appropriate for the readout of
an array consisting of a large number of SiPM devices.

Fig. 5. Results for the DPC circuit for an 8×8 SiPM array. The left plot
shows theVA in black and theVD in green colour, respectively. The map on
the right side indicates in red squares the returnX andY positions calculated
using Eq. 2. Here, the yellow dots indicate the ideal SiPM location.

Fig. 6. Schematic of the SCD resistor network.

2) Symmetric Charge Division Circuit:The alternative ap-
proach for adding up the entire charge into a large resistive
division network, is to divide the charge into anX and Y

decoder network. This method has already be suggested for
both PSPMT [16], [35] and SiPM arrays [17] with satisfactory
results. The incoming charge is shared in two parts (there is
an equitable division of charge), one part collects the signals
for X, and the other part those forY . Figure 6 also shows
a schematic example for 8×8 input signals. This technique is
referred to as Symmetric Charge Division (SCD). In order to
obtain the finalXY impact position a signal multiplexing is
still required [36], as the first network does not allow us to
discriminate the impact position of the photon and it would
be appropriate to reduce the number of signals. Equation 3
shows how these coordinates are recovered. In this approach
each row and column signal output needs to be pre-amplified
before the next multiplexing.

Xposition =
X+ −X

−

X+ +X
−

, Yposition =
Y+ − Y

−

Y+ + Y
−

(3)

whereX+, X
−

, Y+ andY
−

refer to the up and down signal
corners (see Fig. 6) [33].

With this resistor configuration, we simulated an array of
8×8 SiPMs. The analysis carried out was the same as in the
previous section for the DPC, after a proper choice of the
resistances [33]. We included the charge division circuit as
well as several other components of the expected board. The
results forX+, X

−
, Y+ andY

−
look very promising since the

steps on the different rows and columns were well separated.
Figure 7 depicts a portion of the results for the 8×8 SiPM
array in which it can be observed that steps of close to 0.25 mV
were achieved in between neighboring channels in both theX

andY directions. When comparing these results with the DPC
approach we observe that the attenuation drawback in centered
impacts has been suppressed. On the right hand side of Figure
7 we show a map with theX andY positions obtained after
applying Eq. 3 to the data forX+, X

−
, Y+ and Y

−
. We



observe an almost negligible distortion on the return SiPM
position making it possible to accurately resolve the impact
position.

Fig. 7. Results for the SCD circuit for an 8×8 SiPM array. The left plot
shows theX+ in black and theY+ in green colour, respectively. TheX

−

andY
−

behave inversely. The map on the right indicates the returnX and
Y positions calculated using Eq. 3.

This approach contains two resistor networks, one for the
X and one for theY direction. In addition to these, we
included a third based on the same connection principle but
with lower resistances to be used for the time discrimination
of the incoming event. Since this trigger signal is obtained
by feeding all output signals into an operational sum, most
possible delay losses should be reduced.

Although in this case the attenuation problems seem to
vanish and it presents a good spatial resolution, a drawback
related to scalability appears, being that a change in the
dimensions of the matrix of SiPMs would imply a redesign of
the second multiplexing circuit (X+, X

−
, Y+ andY

−
).

3) Weighted Charge Division Circuit:Following the topo-
logy of the prior SCD circuit we introduced an additional
variable with the aim of avoiding the second multiplexing
circuit and the required number of pre-amplifiers scaling with
the number of detectors. This variable is intended to use
resistances with increasing values from one row or column to
the next. These values are chosen in a similar way as it was
performed for the second network of the SCD circuit [33].
The schematic of this design is shown in Figure 8. The output
signal of all detectors, after passing through a sum operational,
should directly return a value proportional (weighted) to the
conductance of the resistor placed in a particularX and
Y photon impact coordinate. Thus, we dubbed this circuit
Weighted Charge Division (WCD). However, this topology
presents a disadvantage with regards to the case of the SCD.
As can be seen in Figure 8, there is a variation for a given
row of the resistance values connected to theX coordinate.
This means that theY signal will change depending on the
column in which the hit occurs, although the photon reaches
the same row (the same applies forX when dealing with the
same column). For this reason, the bias resistance to ground
(200 Ω, 10% of the value of the smallest resistance in the
network) has been chosen in such a way that it becomes the
dominant impedance and, thus, the current is only slightly
influenced by the resistances connected toX and Y . With

Fig. 8. Schematic of the WCD resistor network. R1, R2,. . . R16 stand for
resistors with increasing values. In our case the values in kΩ are 2, 2.2, 2.4,
2.7, 3, 3.3, 3.9, 4.7, 5.6, 6.8, 8.2, 10, 12, 16, 22 and 30, respectively.

Fig. 9. Results for the WCD circuit for a 16×16 SiPM array. The left plot
shows theX andY components in black and green colours, respectively. The
right plot depicts the bidimensional map ofX andY positions.

this, we fulfill our goal of obtaining approximately the same
signal in X(Y ) for photons hitting the same column (row).
The value of this resistor allows for measurable signals after
amplification. When selecting the ground resistor, there must
be a compromise between good working behavior of theX

andY networks and a reduction of signal attenuation causing
the need of high amplification. A low input impedance of the
amplifiers is required in order to avoid X-Y crosstalk or non-
proportional charge division. The results for the WCD for a
SiPM array of 16×16 units are shown in Figure 9. An array of
256 elements was directly selected since there are no previous
and comparable results based on this configuration.

We observed that the WCD returns in some cases closer
values of adjoining input signals than the SCD, with a min-
imum value of 0.15 mV, as can be seen, for instance, in the
Y plot in Figure 9. This is due to the greater dimension of
the matrix in the WCD case (16×16) compared to the SCD
case (8×8). This means that the greater the dimension of the
matrix, the more difficult it becomes to choose the values of
the resistances, the higher the system resolution necessary for
discriminating differences that could be in the range of only
few mV. Figure 9 also depicts a two dimensional map of theX



andY values. In contrast to the SCD map, we observe a slight
distortion of the SiPM positions but with enough resolutionto
determine any detector location. As was done for the SCD
circuit, we also included here an additional resistor network
to provide us with time and triggering signal.

Summarizing, the simulation results for the WCD avoid
the attenuation of signals produced for impacts occurring in
the centered region. All SiPM positions are clearly resolved.
Moreover, in contrast to the DPC or the second resistive
network for SCD methods, there is no need for further
multiplexation of the signals, and there are not time differences
depending on the impact position.

III. E XPERIMENTAL RESULTS

The simulation results obtained with the DPC approach
show a tendency similar to the preliminary measurements
carried out with an array of 8×8 SiPM devices (S10362-
11-050 from Hamamatsu). We used a LYSO scintillation
crystal with a trapezoidal shape [11] [12] having an exit
face of 50×50 mm2 and a thickness of 10 mm. The area
covered by the SiPM array was however, that of close to
about 25×25 mm2, the active area being only 8×8 mm2. The
coupling between the scintillator and the photo-sensors was
directly performed by means of optical grease. Although not
implemented in this work, a more efficient coupling method
using optical devices has been extensively studied elsewhere
[12]. In Figure 10 there is a photograph of the scintillator
crystal and the pack of PCB boards. The board placed directly
below the crystal contains the SiPM array. The 2D plot on
the left hand side depicts theXY map obtained with the
DPC approach. These data were acquired with no radioactive
source, and only background events were recorded. The bias
voltage to the SiPM array was 71 V for an acquisition time
of 60 s. The depletion effect in the central region caused by
the signal attenuation can be easily observed, as it was also
obtained by simulation (see also the depletion effect in Fig. 5
left).

Fig. 10. Left, 2D contour plot of background activity obtained with the
DPC approach. The axes represent theX andY impact coordinates. Right,
LYSO crystal mounted on top of the PCBs containing the SiPMs array and
associated electronic.

Instead of testing both the SCD and the WCD approaches
we decided to only test the WCD since the expected results
would be more convenient than the SCD in terms of avoiding
extra multiplexing and amplification components. The manu-
factured PCB placing the 3 resistor networks (2 for theXY

Fig. 11. Left, 2D contour map for a uniform background using the WCD
circuit. Right, sketch of the crystal and SiPM array coupling used for the tests
with the WCD circuit.

positions and one for the energy/time) contained 8 layers and
the resistors had a size of 1×0.5 mm2 with tolerances below
1%. The SiPM array used in these measurements was identical
to that described above for the DPC approach. However, in
order to more efficiently couple the crystal we used a smaller
LYSO unit of 32×32 mm2 entrance and exit faces, and a
thickness of 18 mm (see Fig. 11).

The results of the WCD measurements showed a strong
concentration of data in a very small region (Fig. 11), very
distinct from the observed image with the DPC attenuated data.
By injecting signals point by point with a function generator
(resembling that of the LYSO profile type), the results inX

andY position varied accordingly to the simulation. However,
when two or more signals were injected into the WCD circuit,
the image shown in Figure 11 appeared. It seems that the PCB
design accounts for significant coupling effects of the twoX

andY resistor networks. We also performed measurements by
lowering the common resistance of the trigger resistor network
to avoid extra coupling with this signal without success.

IV. CONCLUSION

In this work we have described several methods to reduce
the readout channels of an array of SiPM detectors. This
type of photosensors are the subject of much interest for
high energy physics, and medical applications, among others.
However, the number of channels to be processed tends to
increase when higher performance of the devices is required.
Thus we deem a multiplexation or reduction of signals to be
the proper course.

We utilized the existing and widely used DPC resistor
network with slight modifications for use on SiPM arrays. We
successfully modeled the performance of a single SiPM using
the Verilog-A language. We extended this task and simulated
the DPC approach observing a satisfactory qualitative concor-
dance between the real and simulated data, as can be observed
in the depletion effect shown in Figures 5 and 10.

The extension of this model to an approach in which
the signal attenuation drawbacks were suppressed, was also
performed. Here, two different configurations were studied; the
SCD and the WCD. The simulation of both resistor networks
suggested promising results when SiPM input signals were
fed into the system. The WCD was especially examined for
an array of 16×16 SiPMs since it could directly provide theX



andY impact position without further multiplexing. Moreover,
both models also solved delay time problems observed for the
DPC. However, when this model was put into the practice,
the results showed a poor resolving power for planarXY

coordinates. Ana priori analysis of the results suggest a
coupling effect of theX andY signals due to capacitances in
the PCB board.
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