
Executive Summary of the Thesis

Implementation and Characterization of 64-Channel Systems for
Counting and Timing Operation

Laurea Magistrale in Electronics Engineering - Ingegneria Elettronica

Author: David García Blasco

Advisor: Dr. Ivan Rech

Co-advisors: Ivan Giuseppe Labanca, Serena Farina

Academic year: 2022-2023

1. Introduction
Light signal analysis is useful in many domains,
including medicine and biology. To fulfil the
expanding needs and requirements of many ap-
plications, the Time-Correlated Single Photon
Counting (TCSPC) [1] technology was created,
providing precision measurements that enhance
traditional methods. Multichannel systems, in
particular, have been developed to accommo-
date parallel measurements such as 2D imag-
ing. The thesis study examines and character-
izes two 64-channel systems, a timing module
[2] and a counting one. The goal is to assure
the appropriate operation of both systems while
also analysing their output signals to acquire
an accurate description of their characteristics.
The two systems are described first, and then
the suitable system closure approach is outlined.
Following that, the temperature control loop re-
quired for system operation is explained. Fi-
nally, both 64-channel modules’ implementation
and characterization are discussed, followed by
suggested future developments and concluding
observations.

2. Time Correlated Single Pho-
ton Counting

TCSPC is a single photon counting application
based on periodic stimulation of a sample with
a low intensity laser and monitoring of photon
arrival time at each interval. A START signal
is periodically sent to both the laser and to the
measurement system to initiate the time-frame.
The electrical signal produced by a detected
photon serves as STOP signal. The period be-
tween both signals, which is proportional to the
photon arrival time, is measured and converted
using a TDC (Time-to-Digital Converter) or a
TAC (Time-to-Analog Converter) followed by an
ADC. Finally, using software tools, this number
is processed and stores, generating a complete
histogram after several measurements. A differ-
ent technique, the "reverse start-stop," in which
the detected photon acts as the START and the
laser serves as the STOP, improve its efficiency,
by decreasing the dead time. Moreover, in order
to limit the dispersion produced by laser jitter,
the STOP signal is delayed, allowing the arrival
time to be measured in relation to the laser sig-
nal that generates it.
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2.1. Temperature effect
SPADs, the main detectors used in TCSPC, can
produce signals even without detecting photons
due to factors like thermal generation or tun-
nelling effect. This leads to unwanted counts
called DCR (Dark Count Rate). The primary
source of device noise comes from the statisti-
cal fluctuations of this parameter, so it needs to
be minimized. To do that, the operating tem-
perature should be lower than room tempera-
ture. However, it should be balanced so that
implementing a cooling system does not become
overly challenging.[3]

3. 64-Channel System
With the growing number of TCSPC appli-
cations, multichannel TCSPC systems have
gained popularity. These systems enable the
association of each incoming photon with im-
portant details like wavelength, time elapsed
since the experiment began, and spatial coor-
dinates (in scanning applications). Throughout
this project, two multi-channel systems are de-
scribed: a counting module and a timing mod-
ule. The timing module may perform both tim-
ing and counting operations for 64 parallel chan-
nels. Because having one acquisition channel per
SPAD is inefficient, a routing circuit is used to
decrease this number to 32. The system consists
of various boards, as shown in figure 1. They are:

• Detection board: The detection board was
designed to perform both timing and count-
ing operations [4]. It comprises the detec-
tors, which convert light into electrical sig-
nals, and their corresponding control cir-
cuits called AQCs [5]. The generated elec-
trical signals are then sent to the Acquisi-
tion boards. Additionally, the system in-
cludes an Intermediate Board that enables
the use of different SPAD matrices with the
same detection board.

• Acquisition board: The acquisition board
receives timing and counting signals from
the detection system and then it per-
forms time-amplitude conversion (TAC)
and analog-digital conversion (ADC), uti-
lizing the FPGA to process digital infor-
mation. The acquired data is then trans-
mitted externally through either the FTDI
USB3.0 chip (for timing signals) or VHDCI
connectors (for counting signals). The sec-

Figure 1: 3D view of the timing module. [2]

ond board that complains the system is not
present in figure 1. Additionally, the ac-
quisition board supplies power to various
components of the detection head, and it
incorporates one I2C bus.

• Power board: The power board, situated
at the bottom of the module, has multi-
ple responsibilities. It provides shielding
and supplies 12V power to both acquisition
boards. Additionally, it powers the detec-
tion board and regulates the detectors tem-
perature. As part of its second objective,
the power board generates specific voltages
internally and delivers them to the detec-
tion head.

• Interconnection board: The interconnec-
tion board (T-board) facilitates communi-
cation between the FPGAs on both acqui-
sition boards, as well as between the master
acquisition board and the power one. It also
receives external Stop and Gate signals.

The counting module is a simplified version of
the timing system. It just handles counting sig-
nals and buffers them for output. It can uti-
lize the same detection head by switching to a
counting AQC. As counting operations do not
require high accuracy, the power board for the
counting system is a simplified version compared
to the timing one. In terms of the Acquisition
boards, they just buffer the output signals and
send them externally.

4. Detection Head closure
The detection board is designed to fit between
two mechanical components (Fig. 2), the cover
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Figure 2: 3D views of the cover (left) and mez-
zanine (right).

and mezzanine, both made of Roger material,
forming the head system. Once assembled, the
head system is securely attached to the entire
system. The cover, a square component measur-
ing 60x60mm, features a 10mm diameter hole for
photon entrance and an inner C-shaped cavity to
house the electronics of the board. The mezza-
nine, positioned at the bottom, includes a cylin-
drical chamber where the SPADs are located.
The Peltier hot side is situated beneath it, and
the chamber is isolated using two O-rings. To ef-
fectively eliminate internal humidity, the cham-
ber is filled with nitrogen through two valves on
one side of the head.

4.1. Closing procedure
Proper detection head closure is crucial in both
systems to preserve the inner chamber, where
SPADs and other fragile components are situ-
ated, well-isolated in order to minimize humid-
ity transfer and to implement the temperature
control loop in a system as stable as feasible. To
that end, the following head closing procedure
is presented:

1. Placing the Peltier and the intermediate
board: To maintain precise temperature
control, the Peltier cell is positioned at
the bottom of the chamber, with its cold
side in contact with the intermediate board.
To ensure proper alignment, an aluminium
support is placed beneath the intermediate
board, which must be at the same level as
the detection board within the PCB win-
dow. Each component is securely affixed
using a heat-conductive glue, promoting ef-
ficient heat transfer between them.

2. Closing the inner chamber: Prior to clos-
ing the head, a desiccant salt is introduced
into the chamber to absorb humidity. The
closure of the head involves placing a pair

of O-rings between the detection board and
both the mezzanine and the cover, prevent-
ing humidity transfer. The entrance win-
dow is then sealed by affixing a glass with
Epoxy glue, which requires IR treatment to
be seal.

3. Drying the chamber: Finally, the inner
chamber is filled with nitrogen via the two
valves on one side. Nitrogen will allow the
chamber to maintain extremely low humid-
ity levels.

Figure 3: Front view of Detection board (left)
and one example of Intermediate board (right).

4.2. Detection head tests
Before sealing the head, tests are performed
to check the communication of the I2C buses,
which will be used then to implement losses
tests. If there are significant losses or insufficient
drying, humidity will increase when the temper-
ature decreases. To ensure proper drying, the
filling process is developed at around 40ºC for a
few hours. Maximum humidity levels are drasti-
cally lowered with this filling method (from 80%
to 10% relative humidity at -10ºC). Finally, by
repeating the tests after a prolonged period, the
humidity values stay nearly unchanged, confirm-
ing the minimal amount of system losses.

5. Temperature Control
SPAD’s characteristics improve significantly for
working temperatures below room temperature.
As a result, these systems are kept at -10ºC, re-
quiring a temperature control loop to manage
them. It was traditionally solved by monitoring
the current temperature, comparing it to a tar-
get value, and adjusting the Peltier bias to com-
pensate for the difference. Instead, this method
provides a non-linear relationship between tem-
perature differential and Peltier voltage drop, re-
quiring the recalculation of PID parameters each
time. A new temperature control technique is
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devised to address this constraint [6]. It consists
of two steps (Fig.4):

1. The PID blocks compute the exchanged
heat variation as a function of the actual
temperature difference. Because the rela-
tionship is linear, PID parameters can only
be calibrated once.

2. This exchanged heat variation is translated
into a new bias point (in current) for the
Peltier via a block A(s).

Figure 4: Block scheme of the proposed algo-
rithm.

The non-linear function that A(s) should imple-
ment is:

1

2
R∆I2 +∆I(RI − αTc,ref ) + ∆Q̇c−

α∆TcI −Kp∆Tc = 0
(1)

Instead, there is no need to calculate this equa-
tion since the ratio ∆Q̇

∆I in question may be sim-
ply derived by performing an adequate charac-
terization of the Peltier behaviour and making
some assumptions. Doing that, the curve ex-
changed heat vs bias current is obtained (Fig.5),
which may be interpolated by a second or-
der polynomial curve (Eq.2), from which the
previously required relationship can be easily
achieved.

Figure 5: Q̇ as a function of I with ∆T=0.

Q̇(I) = −0.2811 · I2 + 3.8671 · I − 0.0714 (2)

6. Counting Module character-
ization

In this chapter, the counting module is mounted
using the procedures from the previous chapters,
and its functioning is examined. Following that,
it is used to achieve various SPADs attributes
such as the DCR and PDE (Photon Detection
Efficiency), as the system is capable of operating
at the appropriate working temperature (-10ºC).

6.1. Functional tests

Figure 6: AQC counting bonded and placed on
the detection board.

First, the temperature loop is tested to ensure
that it responds to different target values and
that the humidity protection process is opera-
tional. The AQC (Fig.6) and one SPAD can
then be bonded to test their functionality. The
right behaviour may be verified by analysing the
AQC’s output signals, as illustrated in figure
7, where the quenching phase is easily distin-
guished. Then, using the corresponding inter-

Figure 7: Single SPAD counting output.

mediate board, an 8 × 8 SPAD matrix is in-
stalled, and it is verified that each channel pro-
duces the identical prior output response.
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6.2. 8x8 SPAD matrix characteriza-
tion

Once the system’s correct operation has been
confirmed, it may be utilized to characterize two
SPAD matrix typologies (R15 and S13), getting
their DCR and PDE levels. Both experiments
are carried out at the appropriate operating tem-
perature. The following graphs depict the ac-
quired results of PDE (Fig.8)and Dark Counts
(Fig.9) values (Nd ) in a determined measure-
ment (Tm). So, the last step, is to obtain the
DCR values per channel, by using the following
equation (Eq.3):

DCR =
Nd

Tm
(3)

Figure 8: PDE obtained graph for R15 (top) and
S13 (bottom) SPAD matrix typologies.

Figure 9: Dark Count values for R15 and S13
SPAD typologies.

7. Timing Module conclusion
and characterization

The module will be concluded and character-
ized in this chapter. First, the system’s cor-
rect functionality will be confirmed. The en-
tire system is then installed and characterized
to gather relevant information on signal disper-
sion and crosstalk.

7.1. Functional system tests
First, like in the previous chapter, the detec-
tion system’s correct operation will be checked.
The detection system is isolated from the rest
of the system for simplicity, using demo acquisi-
tion and power boards. The proper behaviour of
the AQC timing ’s outputs (timing and count-
ing) with a single SPAD is checked by observ-
ing them, as illustrated in figure 10. Reset and

Figure 10: AQC’s output signals: counting(left)
and timing (right).

Quenching time can be readily estimated from
this acquired counting signal, so we can see how
they change by varying CtQ and CtR (CtS and
Vth have no influence). The real power and ac-
quisition boards can then be attached. The his-
togram of a single SPAD (Fig.11) may be ac-
quired by utilizing a Labview interface to ma-
nipulate the head voltages and a C# interface
to plot the results, ensuring that the system is
functioning properly.

Figure 11: Single SPAD response in log scale.
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7.2. Single Channel characterization
The FWMH value (50ps) may be calculated
from the previous response (Fig.11), which is
an unacceptable number. As a result, multiple
modifications are made in an attempt to mini-
mize this figure. To begin, the AQC supply volt-
age and command values are modified to lower
it. It is proved that increasing Vov and Vth,
or decreasing the low-voltage supply (1.8V), re-
duces jitter. As a result, the minimal value of
FWMH (43ps) is found with the following val-
ues: VDD=1.7V, Vov=5V, and Vth=1.6V. Fol-
lowing that, changes were made to the acquisi-
tion chain. The goal is to make faster the edge
of the STOP signal, hence minimizing its tem-
poral dispersion. A "Stella Attiva" circuit has
been added between the "T-board" STOP in-
put and the external delayer to accomplish this.
This, along with an increase in measurement
time in the FPGA, results in an FWMH value
of 41ps. Furthermore, the jitter’s dependency on
the introduced delay has been removed, reduc-
ing it from 56ps to 44ps for large delay values.
Following these enhancements, we can infer that
the additional jitter is merely introduced by the
Acquisition chain.

7.3. Two Channel characterization
The next stage is to examine the crosstalk be-
tween two channels, which may be influenced by
the high levels of jitter. The response curves for
different CtS levels are derived by analysing the
worst-case situation, two neighbouring channels:
The signal picks are on the right, with the others

Figure 12: Crosstalk analysis for different CtS
values.

being the result of crosstalk. It is observed that
crosstalk levels are extremely high, almost as in-
tense as signal ones. To lessen it, both SPADs
are replaced with triple-epitassia ones, which
offer greater dynamic performances. Because

the improvement is insufficient, a novel exper-
iment is created to easily analyse crosstalk, by
analysing the DNL (Differential Non-Linearity)
induced on a channel (called “disturbed”) as ef-
fect of the other one (called “disturbing”).
The idea is to modify the acquisition firmware
to record a "disturbed" event only if a "disturb-
ing" one occurs concurrently and within an es-
tablished temporal frame, resulting in a detec-
tor in free running mode with a punctual distur-
bance (Fig.13). The centre region relates to dis-

Figure 13: Single channel response of channel 15
being affected by a punctual disturbance.

turbances that occur during the sensing phase
and are impacted by Vov fluctuations, whereas
the upper picks indicate quenching step distur-
bances that are influenced by Vquench values.At
this time, various changes have been made to
the system in order to improve the DNL, rec-
ognizing which parts of the system affect it the
most. First, the bonding configuration is altered
(Fig.14), comparing the worst scenario (blue
curve) with other having close channels only
on the intermediate board (grey curve), in the
AQC (orange curve), distant in both parts (yel-
low curve), or connected to different AQC mod-
ules (green curve). It is evident that the highest
improvement comes when channels are distant
on the intermediate board, implying that these
traces have a significant influence on the DNL.
Following that, some modifications are made on

Figure 14: DNL for different set-up

the SPAD voltages connections, which may have
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a substantial impact on the DNL. The goal is to
isolate as much Vsub and Vcat of the SPADs as
possible. Both voltages are supplied externally
to the "disturbing" to do this. As a result, the
DNL improves, demonstrating that supply con-
nections are a significant cause of disturbances.
The last step is to determine if there is any op-
tical crosstalk as a result of the light emitted
during an avalanche operation on the SPAD.
To evaluate its impact, the "disturbed" detector
was physically screened from the other. Since
the DNL response stays essentially unchanged,
this effect is likely to be negligible. Finally, for
the sake of completeness, the INL (Integral Non-
Linearity) was plotted (Fig.15) to compare the
initial situation with the one after the intro-
duced modifications. The INL has certainly im-
proved substantially, becoming much more uni-
form.

Figure 15: INL comparison after system en-
hancements.

8. Conclusions
Both modules, as demonstrated throughout the
project, are viable solutions for multi-channel
systems with a significant number of channels,
allowing them to function for diverse SPAD ma-
trix typologies. However, the timing module de-
sign is not optimal, presenting significant sig-
nal jitter and crosstalk. On the one hand, in
terms of jitter, the T-board portion in charge
of receiving the STOP signal, which is the most
influential jitter source, should be redesign. For
crosstalk reduction, on the other hand, enhance-
ments should be focused on the Detection and
Intermediate boards, by coupling more efficient
SPAD supply voltages and removing the Inter-
mediate board traces, which are the primary
crosstalk causes.
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