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(67)  The photomultiplier comprises a set of macro-
cells, each comprising at least two microcells (1), each
being connected to an output node (7) according to an
OR diagram, and achieving great energy efficiency upon
deactivating each of the microcells (1) when these are
activated almost simultaneously, and that otherwise
would have been masked by the OR diagram. To this
end, each of the microcells comprises an active quench-
ing and recharge circuit (2); an avalanche diode (8); a
first deactivation transistor (45) with its gate connected
to an external processor (5), and its drain and source
associated with the active quenching and recharge circuit
(2); a second deactivation transistor (46) with its gate
connected to an external processor (5), and its source
associated with the active quenching and recharge circuit
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Description
OBJECT OF THE INVENTION

[0001] The object of the invention is a digital photom-
ultiplier with a series of microcells each comprising an
active quenching and recharge (AQR) circuit with a var-
iable dead time, and combined according to an OR dia-
gram. Great efficiency in energy use is obtained upon
deactivating each of the individual microcells from the
rest of the microcells when these are activated almost
simultaneously, since they would otherwise have been
masked by the OR diagram.

BACKGROUND OF THE INVENTION

[0002] Silicon photomultipliers (SiPMs) consist of ar-
rays of single-photon avalanche diodes (SPADs) that
share, in the most basic diagram, an output node. Each
SPAD accompanied by its quenching resistance consti-
tutes a microcell. The avalanche currents generated in
the microcells are added to a common node, obtaining
acurrentthat constitutes the outputof the photomultiplier.
[0003] The main problem with this analogue SiPM di-
agram is that the avalanche currents develop at their
maximum amplitude and can reach a very considerable
magnitude. This represents power consumption that is
too high for some applications.

[0004] In addition to this, the quenching resistance is
designed in such a way that with little current a pulse is
produced in sufficient voltage to take the diode out of the
breakdown voltage. The problem with this is that the di-
ode recharges through the same resistance, which, as it
is so high, leads to long recharge times. This means that
the device will be unable to capture a new photon for an
excessively long, dead time, period. This pile-up phe-
nomenon of photons leads to an error in the resolution
with which the energy of the pulse is measured and in
determining the time of flight.

[0005] Given that the information provided by each
SPAD is binary, that is, the detection of a photon is de-
duced from the existence of an avalanche, regardless of
the magnitude of the avalanche current, allowing the av-
alanche to evolve is an unnecessary energy expense.
[0006] Digital silicon photomultipliers (d-SiPM) solve
this by incorporating a monostable to a microcell that
generates a pulse of limited duration associated with the
start of each avalanche. This monostable is part of an
active quenching and recharge circuit. Since the magni-
tude of the avalanche does not provide additional infor-
mation, the active quenching circuit stops the avalanche
very early, reducing power consumption, and speeds up
the recharging of the diode to an acceptable, and usually
adjustable, dead time with the consequent reduction of
the pile-up.

[0007] Thepulsesgenerated by the microcells are con-
ducted towards the same node, to count and time them,
in order to obtain estimates of the number of photons
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detected and the time of flight, respectively. To combine
the pulses that come from different microcells, an OR
tree is usually used, which adds all the pulses except
those that are less than the new dead time delimited by
the duration of the pulses of the monostable.

[0008] The main problem with this d-SiPM diagram is
the reduction of the fill factor (FF), which implies a loss
of sensitivity. This reduction is due, on the one hand, to
the fact that the active quenching and recharge circuit
occupies a larger area than the quenching resistance,
which means that the FF of the microcell decreases and,
consequently, that of the SiPM itself.

[0009] On the other hand, pulse counting and timing
circuits, time-to-digital converters (TDC) also occupy an
area that is otherwise intended to detect photons. The
number of counters and TDCs is the result of a compro-
mise between spatial and temporal resolution. If we had
as many as microcells, the reduction of the sensitive area
could be unacceptable. If we reduce the number of
counters and TDCs, pile-up is again generated with the
consequent loss of photons.

[0010] An example of the state of the art would be doc-
ument WO2013018006A1, which describes a photon de-
tector that includes a SPAD array with circuitry to deter-
mine the position of the SPADs that have made a detec-
tion.

[0011] This device comprises elements configured to
store the position coordinates within the array of those
SPADs that have been triggered. In order to determine
the row to which the SPAD that has been triggered be-
longs, all the SPADs belonging to the same row share
an OR gate that combines the outputs. Similarly, all the
SPADs that belong to the same column share an OR
gate that allows the determination of the column in which
the SPAD that has been triggered is found.

[0012] Furthermore, document US2006202129A1 de-
scribes an integrated circuit with an array of microcells,
each of them composed of a SPAD, a buffer to shape
the digital output pulse and several transistors that act
as a driver for a column bus connected either to a TDC
or to an asynchronous digital counter. The possibility of
decoupling the pixel readout circuit by means of a trans-
former is also considered.

[0013] DocumentUS2017242136A1 describes a sem-
iconductor photomultiplier (SPM) device. The SPM com-
prises a set of photosensitive elements, connected to a
first electrode arranged to provide a bias voltage to these
photosensitive elements.

[0014] It also comprises a set of resistive elements for
quenching the avalanche, each associated with a corre-
sponding photosensitive element. These resistive ele-
ments are connected at the other end to a second elec-
trode arranged as a bias electrode. Coupled to each of
the nodesthatjoin a photosensitive element to a resistive
element, there is a capacitive load in parallel with another
resistive load and possibly a diode, which are all con-
nected to a common third electrode to provide an output
signal of the device.
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DESCRIPTION OF THE INVENTION

[0015] An aspect of the described d-SiPM architecture
that has not been previously considered is the unneces-
sary power consumption introduced by the avalanches
that occur within the dead time. These avalanches will
generate a pulse that will not exceed the OR combination
and therefore will not be counted. Our proposal consists
of associating N microcells in a macrocell in which the
photodiodes are deactivated during the dead time that
occurs after the triggering of an avalanche in one of the
diodes thereof.

[0016] The invention described is therefore a digital
photomultiplier based on macrocells containing: N ava-
lanche photodiodes, an active avalanche quenching and
recharge circuit for each very compact and low-consump-
tion diode, with a shared monostable that gives rise to
an adjustable dead time, and a mechanism for combining
the pulses generated by the SPADs that make up the
macrocell that reduces power consumption.

[0017] This macrocell is compatible with detection di-
agrams in digital silicon photomultipliers in which an OR
combination of the pulses is performed. The key to en-
ergy efficiency lies in the fact that the triggering of an
avalanche in one of the SPADs prevents the rest of the
SPADs in the macrocell from triggering.

[0018] This aspect is important when designing large
digital photomultipliers, since there is a need for each
microcell to have a minimum consumption and a mini-
mum noise level. It is desirable, in these conditions, to
take into account the limitations of the OR pulse combi-
nation techniques.

[0019] In OR combination diagrams, a whole series of
cells with avalanche diodes that are sensitive to a single
photon converge in the same channel, such that their
outputs are combined in a logical OR. Each of these cells
comprises an avalanche diode that is sensitive to single
photon events and a quenching and recharge circuit that
can be active or passive.

[0020] In the case of using a passive quenching and
recharge circuit, high energy consumption is produced
since the amplitude of the pulses and their width are con-
trolled by the same element, which is not desirable to
achieve high pulse compression.

[0021] In addition, in this type of OR combination dia-
grams, when several detections occur simultaneously in
several of the avalanche diodes, it is not possible to dif-
ferentiate at the common output in which of the diodes
the detection has occurred. In addition, this overlap of
detections tends to occur between diodes that are adja-
cent, that is, that belong to the same macrocell. There-
fore, the diodes with overlapping detections are consum-
ing energy unnecessarily.

[0022] In aconventional OR combination diagram, the
avalanches that are generated in adjacent cells almost
at the same time as the first one are masked by the pulse
combination system, so there is useless energy con-
sumption, since these avalanches do not provide addi-
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tional information. This unnecessary consumption can
be critical when designing photomultipliers with a large
number of sensing elements.

[0023] Inordertoaddress these problems, the present
invention has been developed, which consists of an OR
pulse combination digital photomultiplier that is made up
of macrocells. Each of these macrocells comprises at
least two microcells, each of the microcells being con-
nected to an output node according to an OR diagram.
The grouping of microcells reduces the quenching and
recharge circuitry by sharing some transistors, which re-
sults in an improvement of the FF.

[0024] Each of the microcells comprises an active
quenching and recharge (AQR) circuit block. Each of the
blocks is made up of a series of transistors, the arrange-
ment of which will be explained later, and is associated
with a point through which a signal can be introduced
that starts active recharging.

[0025] Likewise, an avalanche diode that is sensitive
to single photon events is positioned in each of the mi-
crocells, with its anode connected to the active quenching
and recharge circuit, a first deactivation transistor with
its gate connected to an external processor, and its drain
and source associated with the active quenching and re-
charge circuit, and a second deactivation transistor with
its gate connected to an external processor, its drain as-
sociated with the output node and its source associated
with the active quenching and recharge circuit.

[0026] This set may further comprise a high-level at-
tachment transistor with its drain connected to the com-
mon node.

[0027] As indicated, the active quenching and re-
charge circuit comprises, in a preferred embodiment of
the invention, four transistors. A first transistor with its
gate connected to the source of the second deactivation
transistor, its drain connected to the anode of the ava-
lanche diode and its source connected to a node common
to the microcells; a second transistor with its gate con-
nected to the source of the second deactivation transis-
tor, its drain connected to the drain of the first deactivation
transistorand its source connected to an activation signal
input; a third transistor with its gate connected to the point
through which the start signal of the active recharge is
received, its drain connected to the source of the first
deactivation transistor and its source connected to the
common node between microcells, and a fourth transistor
with its gate connected to the drain of the first deactivation
transistor, its drain connected to the source of the second
activation transistor and its source connected to earth.
[0028] Each macrocell of the photomultiplier object of
the invention can additionally comprise a monostable for
the generation of the start signal for the active recharge
connected to the active recharge circuit.

[0029] The macrocell of the exposed digital photomul-
tiplier has a number of advantages:

- compactness: it is achieved by sharing the control
electronics, that is, the connection to a single exter-
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nal processor, between allthe microcells ofthe same
macrocell, thus reaching a 30% filling factor (FF).
The active quenching and recharge circuit of each
avalanche diode is implemented by four transistors.
Compared to a microcell containing a passive
quenching and recharge circuit, the proposed
quenching and recharge block represents only a
13% penalty in filling factor, which can be compen-
sated by using micro-lenses,

- energy efficiency: the proposed macrocell benefits
from an inherent limitation to OR pulse combination
by deactivating the microcells of each macrocell
when a pulse overlap occurs.

DESCRIPTION OF THE DRAWINGS

[0030] In order to complement the description being
made and with the object of helping to better understand
the features of the invention, in accordance with a pre-
ferred practical exemplary embodiment thereof, said de-
scription is accompanied, as an integral part thereof, by
a setof drawings where, in an illustrative and non-limiting
manner, the following has been represented:

Figure 1 shows a schematic view of a macrocell of
the OR pulse combination digital photomultiplier in
an embodiment with four microcells.

Figure 2 shows a schematic view of the monostable.
PREFERRED EMBODIMENT OF THE INVENTION

[0031] A preferred embodiment of the present inven-
tion is described below with the help of Figures 1 and 2.
[0032] Figure 1 shows a diagram of a macrocell of the
OR pulse combination digital photomultiplier object of the
invention, which in this embodiment comprises micro-
cells (1), specifically four. Each of the microcells (1) is
connected to an output node (7), according to an OR
diagram.

[0033] Each of the microcells (1) comprises an active
quenching and recharge circuit (2). In turn, each of these
active quenching and recharge circuits (2) comprises four
transistors (3).

[0034] In addition, each of the microcells (1) comprises
a point through which it receives the start signal of the
active recharge (6) associated with each active quench-
ing and recharge circuit (2).

[0035] Each ofthe microcells (1) alsohasan avalanche
diode (8) thatis sensitive to single photon events or SPAD
(Single Photon Avalanche Diode), with its anode con-
nected to the active quenching and recharge circuit (2).
[0036] Lastly, each of the microcells (1) comprises a
first deactivation transistor (45) with its gate connected
to an external processor (5), its drain connected to the
drain of the second transistor (32) and its source con-
nected to the drain of the third transistor (33), and a sec-
ond deactivation transistor (46) with its gate connected
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to an external processor (5), its drain associated with the
output node (7) and its source connected to the drain of
the fourth transistor (34).

[0037] Both the first deactivation transistor (45) and
the second deactivation transistor (46) are intended to
deactivate the microcell (1) in which they are comprised,
such that the microcells (1) can be deactivated complete-
ly individually from one another.

[0038] Asindicated, the gates of the deactivation tran-
sistors (45, 46) are connected to an external processor
(5), specifically to single random access memory
(SRAM). This is necessary to be able to turn off the noisy
avalanche diodes (8) when operating in normal mode or
to measure the intercommunication or cross-talk be-
tween microcells (1) when the circuit is being character-
ized.

[0039] However, in those technologies that have suf-
ficiently low dark count rates (DCR) per unit area, the
deactivation transistors (45, 46) are not necessary.
[0040] Allthe microcells (1) are connected to an output
node (7). In addition, an output node (7) is located be-
tween the drains of two of the second deactivation tran-
sistors (46). A high-level attachment transistor (12) is
connected to this output node (7) by its drain.

[0041] The transistors (3) of each of the microcells (1)
are connected as described below. The first transistor
(31) has its gate connected to the source of the second
deactivation transistor (46), its drain connected to the
anode of the avalanche diode (8) and its source connect-
ed to ajunction node between microcells (9). The second
transistor (32) has its gate connected to the source of
the second deactivation transistor (46), its drain connect-
ed to the drain of the first deactivation transistor (45), and
its source connected to an activation signal input.
[0042] The third transistor (33) has its gate connected
to the active recharge activation point (6), its drain con-
nected to the source of the first deactivation transistor
(45) and its source connected to the node between mi-
crocells (9), and the fourth transistor (34) with its gate
connected to the drain of the first deactivation transistor
(45), its drain connected to the source of the second ac-
tivation transistor (46), and its source connected to earth.
[0043] Although four microcells (1) are shown in this
embodiment, the present invention allows an architec-
ture with multiple microcells (1) to be developed.

[0044] The start signal of the active recharge is intro-
duced at the active recharge activation point (6) through
a monostable (11), the embodiment of which is shown in
detail in Figure 2. The monostable (11) has a variable
dead time or DT, such that itis possible to find an optimal
value for the width of the output pulse, so that the corre-
lated noise has a minimum value. Once the optimal value
has been determined, the areas of a variable resistor (13)
and a MOS capacitor (14) comprised in the monostable
(11) can be optimised.

[0045] The operation ofthe macrocell of the digital pho-
tomultiplier object of the present invention is explained
below. It is assumed that all microcells (1) are enabled
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through the external processor (5), and that a pulse has
beenintroduced as an active recharge signal atthe active
recharge activation point (6). As a consequence, all the
avalanche diodes (8) are recharged by bringing the volt-
age fromtheiranodesto earth, through the third transistor
(33) and the first deactivation transistor (45).

[0046] This turns off the fourth transistor (34) in each
of the microcells (1), leaving the output node (7) to be
activated at an activation voltage VDD through the high-
level attachment transistor (12). As a consequence, the
second transistors (32) are deactivated and the first tran-
sistors (31) are activated, which keeps the anodes of the
avalanche diodes (8) connected to earth and ready to be
triggered.

[0047] Furthermore, if the activation voltage VDD is
reached at the output node, then at the active recharge
activation point (6) the voltage is reduced, turning off the
third transistors (33). Lastly, the MOS capacitor (14) of
the monostable (11) is discharged.

[0048] Next, itis assumed that the avalanche diode (8)
of the microcell (1) in the upper left corner of Figure 1 is
activated, due to either a spurious or a true detection,
which causes the voltage to begin to increase in its an-
ode. Consequently, the fourth transistor (34) of this mi-
crocell (1) turns on and begins to reduce the voltage at
the output node (7) through the second deactivation tran-
sistor (46). Previously, the voltage at the output node (7)
was maintained solely by the second deactivation tran-
sistor (46).

[0049] In addition, the second transistor (32) is activat-
ed, increasing the voltage at the anode of the single pho-
ton avalanche diode (8) even faster. This occurs with the
activation of a positive feedback loop between the sec-
ond transistor (32) and the fourth transistor (34).

[0050] The reduction of the voltage at the output node
(7) turns off the first transistor (31). When the voltage at
the anode of the single photon avalanche diode (8) reach-
es the activation voltage VDD, the avalanche diode (8)
turns off, and remains in this state until a start signal of
the active recharge arrives through the active recharge
activation point (6).

[00561] What happens in the rest of the microcells (1)
is now analysed. The first detection caused by the single
photon avalanche diode (8) of the upper left microcell (1)
causes a negative transition of the voltage in the output
node (7). As a consequence, the second transistor (32)
and the fourth transistor (34) disable the first transistor
(31) in each of the rest of the microcells (1), setting the
activation voltage VDD to the voltage at the anode of the
avalanche diodes (8) and deactivating the avalanche di-
odes (8). These remain in this state until the arrival of a
new signal through the activation node of the active re-
charge (6).

[00562] Now analysing Figure 2, the negative transition
of the voltage at the output node (7) activates a charge
path through the variable resistor (13) of the monostable
(11). The MOS capacitor (14) starts to charge with the
time constant set by the delay time.
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[0053] When the voltage in the MOS capacitor (14)
reaches a certain value, then the active recharge activa-
tion point (6) is activated, turning on all the third transis-
tors (33) of each of the microcells (1).

[00564] Then, all the voltages at the anodes ofthe single
photon avalanche diodes (8) change to zero, the fourth
transistors (34) are turned off, the voltage at the output
node (7) is activated solely through the high-level attach-
menttransistor (12) which turns offthe second transistors
(32) and turns on the first transistors (31) recharging all
the single photon avalanche diodes.

[00565] When the voltage atthe outputnode (7) reaches
the activation voltage VDD, the MOS capacitor (14) rap-
idly discharges, turning off the active recharge signal at
the active recharge activation point (6).

[0056] At this point, all the microcells (1) are armed,
waiting for a detection that can activate any of them. If
more than one microcell (1) is activated at the same time,
the macrocell of the photomultiplier behaves similarly to
the way that has been explained, such that the rest of
the microcells (1) are disabled as explained above.
[0057] In short, any microcell (1) that is activated by a
first detection automatically disables the rest of the mi-
crocells (1).

[0058] This diagram allows energy savings so that the
rest of the detections that occur after a first detection will
be masked with the OR combination diagram between
all the microcells (1).

[00569] Lastly, the deactivation mechanism of each in-
dividual microcell (1) will be presented. It is assumed that
the active recharge signal introduced through the active
recharge activation point (6) of the microcell positioned
in the upper left corner of figure 1 is zero, which turns off
the first deactivation transistor (45) and the second de-
activation transistor (46). This decouples said microcell
(1) from the output node (7) of the macrocell of the pho-
tomultiplier.

[0060] If the avalanche diode (8) of said microcell (1)
had been recharged before being deactivated, then it is
ready to be activated again, after remaining turned off
while the active recharge signal is at zero. This occurs
thanks to the paired second transistor (32) and fourth
transistor (34), which lock the active recharge signal at
zero.

[0061] This makes it possible to deactivate each of the
microcells (1) that constitute a macrocell, using only one
NMOS transistor, without the need for any additional
PMOS transistor to raise the anode of the avalanche di-
ode (8) to the activation voltage VDD.

[0062] IfaPMOS transistor had been used, as in other
embodiments of the state of the art, it must have been
connected between the anode of the avalanche diode
(8) and the activation voltage VDD, its gate being con-
trolled by the active recharge signal. This represents a
significant improvement in the filling factor (FF)
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Claims

1. An OR pulse combination digital photomultiplier,
characterised in that it comprises atleast one mac-
rocell, each of which comprises at least two micro- 5
cells (1), each of the microcells (1) being connected
to an output node (7) according to an OR diagram
and each of the microcells (1) comprising:

- an active quenching and recharge circuit (2), 10
- an active recharge activation point (6) associ-
ated with the active quenching and recharge cir-

cuit (2),

- an avalanche diode (8) that is sensitive to a
single photon, with its anode connected to the 15
active quenching and recharge circuit (2),

- a first deactivation transistor (45) with its gate
connected to an external processor (5), and its
drain and source associated with the active
quenching and recharge circuit (2), 20
- a second deactivation transistor (46) with its
gate connected to an external processor (5), its
drain connected to the output node (7) and its
source associated with the active quenching
and recharge circuit (2). 25

2. The photomultiplier of claim 1, wherein the at least
one macrocell further comprises a high-level attach-
ment transistor (12) with its drain connected to the
output node (7). 30

3. The photomultiplier of claim 1, wherein the active
quenching and recharge circuit (2) comprises:

- a first transistor (31) with its gate connectedto 35
the source of the second deactivation transistor
(46), its drain connected to the anode of the av-
alanche diode (8) and its source connected to a
junction node between microcells (9),

-asecond transistor (32) with its gate connected 40
to the source of the second deactivation transis-

tor (46), its drain connected to the drain of the

first deactivation transistor (45) and its source
connected to an activation voltage,

- a third transistor (33) with its gate connected 45
to the active recharge activation point (6), its
drain connected to the source of the first deac-
tivation transistor (45) and its source connected

to the junction node between microcells (9), and

- a fourth transistor (34) with its gate connected 50
to the drain of the transistors (31, 32), its drain
connected to the source of the second activation
transistor (46) and its source connected to earth.

4. The photomultiplier of claim 1, wherein the at least 55
one macrocell further comprises a monostable (11)
for generating an active recharge signal connected
to the active recharge activation point (6).
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