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We present the design and characterization of a high-throughput gated photon counter able to count
electrical pulses occurring within two well-defined and programmable detection windows. We exten-
sively characterized and validated this instrument up to 100 Mcounts/s and with detection window
width down to 70 ps. This instrument is suitable for many applications and proves to be a cost-
effective and compact alternative to time-correlated single-photon counting equipment, thanks to its
easy configurability, user-friendly interface, and fully adjustable settings via a Universal Serial Bus
(USB) link to a remote computer. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862060]

. INTRODUCTION

Nowadays an increasing number of applications in
different research and industrial fields need to detect light sig-
nals at single-photon level with high timing accuracy (down
to few tens of picoseconds) and high throughput (tens of mil-
lions of events per second). Just to mention a few: fluores-
cence lifetime imaging (FLIM),"-? Férster resonance energy
transfer (FRET),>* fluorescence correlation spectroscopy
(FCS),> functional brain imaging,® optical mammography,’
molecular imaging,® quantum information, and many others.
Most of these applications make use of the time-correlated
single-photon counting (TCSPC) technique to reconstruct the
optical waveform of the signal of interest in the time domain.’
This technique consists of the use of a picosecond pulsed laser
as excitation source, a single-photon detector (e.g., single-
photon avalanche diode, photomultiplier tube, superconduct-
ing single-photon detector, etc.) to signal each photon event
(count) produced by the object under investigation and a tim-
ing instrument (like a time-to-digital converter or a time-to-
amplitude converter) to mark the arrival time of every such
event.

The histogram of the arrival time for every photon
represents the probability distribution function of the photon
in time and hence corresponds to the intensity of the light sig-
nal to be reconstructed, provided that the probability to detect
a photon per excitation cycle is much less than one.” The in-
formation to be acquired is usually encoded in one or more
properties of the reconstructed optical waveform (i.e., the TC-
SPC histogram), like its peak amplitude, the overall number
of collected photons or the exponential life-time constant for
decaying signals. These parameters can be extracted from the
TCSPC histogram in post-processing.

The TCSPC technique provides the user with an
information-rich data set, e.g., the time-dependent waveform
for every time-bin of the reconstructing timing instrumen-
tation. Very often only a much-reduced portion of data is
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necessary to extract the main parameters of interest (e.g., the
time constant of the decay curve in fluorescence imaging or
the number of counts occurring within a well-defined time
window in functional near infrared spectroscopy'’). On the
other hand, in order to provide picosecond resolution, the
TCSPC timing instrumentation is usually complex, expen-
sive, and with a not-negligible conversion time (i.e., the time
needed to compute the arrival time of a single event), which
limits the maximum acquisition rate of the overall detection
system. These limitations drastically restrict the effective
exploitation of classical TCSPC techniques to systems with
only few detection channels and with limited throughput, up
to few mega counts per second (cps).!!~!4

The urge to employ single-photon acquisition chains with
throughput up to hundreds of Mcps has recently led to the de-
velopment of novel detection systems based on multiplexed
techniques,' sinusoidal gating of Single-Photon Avalanche
Diodes (SPADs),'¢! or cryogenic detectors capable of such
high count rates.'® Unfortunately neither commercial nor re-
search TCSPC products are yet capable of handling such high
throughputs.

Gated photon counters have been proposed as an
alternative to TCSCP systems to extract timing information
from single-photon detectors both as commercial®*?! and re-
search products.”>?? These instruments, once interfaced with
a single-photon detector, can count the impinging photon
events only during one or more well-defined counting win-
dows, synchronized with the excitation laser and whose du-
ration can be programmed down to few nanoseconds or hun-
dreds of picoseconds. By placing the counting windows in the
appropriate time-delay position with respect to the waveform
to be acquired, various curve parameters can be extracted. The
state-of-the-art for such instruments withstands count rates
from few tens of millions to hundreds of millions of counts
per second, but provides detection windows with widths of
more than 500 ps, thus inhibiting their exploitability with fast
decaying signals (e.g., with life-times shorter than 1 ns) or
when the technique requires the acquisition of the integral
counts in a very short (<500 ps) time interval of the curve.
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Here we present the design and characterization of a
novel high-throughput gated photon counter with two pro-
grammable very short counting windows. Thanks to the use
of fast discrete logic elements and since this module does not
rely on the precise reconstruction of every photon arrival time,
there is no conversion time overhead and the throughput can
be increased up to 100 Mcps while keeping the flexibility of
two programmable windows with widths from 10 ns down to
70 ps. Furthermore, the proposed solution can be easily paral-
lelized for both discrete and integrated architectures, thus en-
abling multichannel single-photon detection systems in many
yet unexplored applications.

This paper is organized as follows: Sec. II deals with the
design of the developed gated counter, whose experimental
characterization is presented in Sec. III. Finally, Sec. IV sum-
marizes the work.

Il. GATED PHOTON COUNTER DESIGN
A. Gated counting principle

Figure 1(a) shows a typical photon counting setup. The
sample under test, excited by a picosecond pulsed laser
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FIG. 1. Gated counting principle. (a) Typical photon counting setup where a
TCSPC board collects time delays between the excitation sync signal and the
arrival time of each detected photon, and reconstructs the optical waveform
through the cumulative histogram of repetitive events. (b) Example of an op-
tical waveform to be reconstructed. (¢) TCSPC reconstruction. (d) Two-point
gated counting acquisition of the same optical waveform.
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source, emits light (see the optical waveform of Fig. 1(b)).
Many times the response has an exponential decay, which
contains the information to be extracted, e.g., the time con-
stant of the fluorophore or the scattering and absorption co-
efficients of the diffusive material. The optical signal emit-
ted by the sample is faint (down to single-photon level) and
fast (with picosecond or sub-nanosecond transitions), hence a
single-photon detector like a SPAD** can be used to acquire
the waveform. A photon counting board, synchronized with
the laser pulse excitation (START signal) collects the time
delay (sometimes called the Time-of-Flight (TOF) in LIDAR
applications) of the electrical pulses provided by the single-
photon detector (STOP signal). In case of a TCSPC board,
the time delay between START and STOP pulses is computed
for every collected photon and a histogram of the arrival times
is plotted (Fig. 1(c)). This histogram represents the shape of
the optical waveform with picosecond resolution, depending
on the given time bin of the employed TCSPC board.

If the shape of the waveform is known a priori (e.g.,
it is a single-exponential decaying curve), a particular prop-
erty of the waveform can be extracted by using just few
samples of the entire histogram. For example, the life-time
constant of a fluorophore can be computed by acquiring two
samples on the fluorescence curve or, in time-resolved func-
tional near infrared spectroscopy, the changes in the absorp-
tion and scattering coefficient (hence in the concentration of
hemoglobin) can be computed by integrating the photons of
the reflectance curve in a defined time window (<500 ps) to
monitor a specific region of the biological tissue under test.”-

In order to do so, a gated counter can be used instead
of a TCSCP board. In fact, Fig. 1(d) shows the same curve
acquired with a two-window gated counter. Only photons
impinging onto the detector in those two well-defined time-
intervals (gates) are collected and can be used to extract the
desired parameter. To be able to acquire these two time sam-
ples, we implemented two separate timing chains with user-
selectable time-delays. In this way, the temporal position of
the gates can be moved in time over the entire range of inter-
est of the waveform (see Fig. 1(d)).

B. Block diagram

Figure 2 shows the block diagram of the gated counter
module, consisting of fast Emitter-Coupled Logic (ECL)
components for the input stage and the two counting win-
dows, a Complex Programmable Logic Device (CPLD) and a
microcontroller to provide both a reconfigurable counter and
a timer, and to manage the functionalities of the whole mod-
ule, including the USB link for parameter setting and data
uploading to a remote computer.

The module has two SubMiniature version A (SMA) in-
puts: PHOTON IN and SYNC. SYNC must be connected to a
synchronization signal (usually a laser trigger-out signal) and
is used as time reference to generate the two counting win-
dows. PHOTON IN must be connected to the pulse stream
to be acquired and counted. As said before, the pulse stream
could be generated by a single-photon detector that provides
one electrical output pulse coincident with the arrival time of
each detected photon.
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FIG. 2. Block diagram of the gated counter. Two input stages generate two distinct digital outputs synchronized with the rising or falling edges (user-selectable)
of the SYNC and PHOTON IN signals. The PHOTON IN signal can be delayed via a user-controllable delay line (DELAYER 2), while the SYNC signal is used
to generate two distinct gate windows whose relative position in time can be adjusted via DELAYER 1. Two counting windows count only PHOTON IN pulses
arriving within the two specified windows. A CPLD and a microcontroller are used to read-out the counts and provide a simple user interface through a USB

connection.

The two input stages are identical for both signals and
consist of an RF double-pole double-throw (DPDT) relay
with 8 GHz analog bandwidth, a fast ECL. comparator (AD-
CMP582, Analog Devices) with 12.5 Gbps toggle rate and an
ECL monostable (based on NBSG53A, On Semiconductors).
By selecting the appropriate configuration of the relay via the
microcontroller, each input can be connected to either the pos-
itive or negative terminal of the ECL comparator and hence be
configured to be sensitive on either the rising or falling edge
of the respective signal. The comparator has a user selectable
threshold that spans from —2.5 V to +2.5 V with 10-bit res-
olution, corresponding to approximately 5 mV steps. In order
to correctly process every pulse, the output of the comparator
feeds a monostable to generate standard pulses with 3 ns fixed
duration.

After the input stages, two programmable ECL delay-
ers (MC100EP196, On Semiconductors) are used to select
the temporal shift of the two counting windows with re-
spect to each other (DELAYER 1) and the shift between the
SYNC and the PHOTON IN signals (DELAYER 2). Hence,
DELAYER 2 is used to place the waveform in the correct time
position with respect to the first window (see Fig. 1(d)) while
DELAYER 1 is used to move the second window with respect
to the position of the first one. The delay lines have 10 ps res-
olution and 10 ns delay range. In this way, the two counting
windows can be precisely placed in any time position within a
range from O ns to 10 ns with respect to the optical waveform
to be acquired.

After the delay lines, two gate shapers are used to
independently select the duration of the two counting win-
dows. The duration of the SHAPER OUT pulses can be set in
a wide range between 70 ps and 10 ns, with 10 ps steps.

Two fast ECL flip-flops (NBSG53A, On Semiconduc-
tors) implement the counting windows themselves. They
receive the delayed PHOTON IN signal to be acquired, the
gate durations and their time positions from the gate shaping
stages. Only the PHOTON IN pulses that are falling within
the desired time (gate) interval are counted; all the others are
discarded with picosecond precision.

The outputs of the two counting windows can be routed
to a CPLD (EPM240, Max II Series, Altera) where two
programmable 32-bit counters are implemented or, as an
alternative, they can be routed to an output stage to be
processed by external instrumentation (e.g., a TCSPC board
for testing purposes or an external counter).

The CPLD contains two separate 32-bit counters ca-
pable of a maximum count rate of 100 MHz each and a
programmable 18-bit timer with 10 ms resolution to im-
plement the integration time duration of the counters, up to
approximately 40 min.

An 8-bit microcontroller is installed on board to set all
programmable parameters (input thresholds, delays, gate win-
dow durations, integration time) and to read-out the values
from the 32-bit counters. The microcontroller is equipped
with a USB 2.0 interface for bi-directional communication
with a remote computer.
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FIG. 3. Gate shaper. The duration (width, 7) of the counting window is se-
lected by changing the value of a finely adjustable delay line (from 70 ps up
to 10 ns). A second delay line is added to compensate for the intrinsic delay
(T = 2.4 ns) of the first one. The propagation delay of the flip-flop is not
represented.

In Secs. I C-II E, each of the main elements of the
instrument is analyzed in detail.

C. Generation of the window width

Figure 3 shows the schematic of one of the two gate
shapers implemented in the gated photon counter. The func-
tion of each gate shaper is to define and output a logic (ECL
level) pulse with programmable duration, hence representing
the counting windows that will later select the photons to be
counted.

The gate shaper is implemented with an ECL D-type
flip-flop with asynchronous reset (NBSG53A, On Semicon-
ductors). The D input is kept at logic level ‘‘1,”” while the
CLOCK and the RESET inputs are fed by a delayed version
of the SYNC input signal. The output SHAPER OUT is ini-
tially at logic level ‘‘0’’ and switches to ‘‘1’° at the rising
edge of the CLOCK signal, just to switch back to ‘0’ at the
rising edge of the RESET signal. In this way, the duration (7)
of SHAPER OUT is set by the time delay difference between
CLOCK and RESET, which can be finely tuned with 10 ps
steps, from 70 ps to 10 ns. The gate shaper employs two delay
lines in order to compensate their intrinsic T = 2.4 ns delay,
which otherwise will result as the minimum gate width. In this
configuration, instead, the minimum gate window is limited
by the minimum output pulse width obtainable by the ECL
flip flop. By using a fast SiGe ECL flip-flop with 35 ps transi-
tion times (20%—80%), a 70 ps Full-Width at Half Maximum
(FWHM) pulse width is achievable.

D. Counting window and output stage

Figure 4 shows the schematics of one of the two count-
ing windows implemented in the gated photon counter. The
function of the counting window is to selectively count only
pulses falling within such window.

The counting window is implemented by using the same
fast SiGe ECL D-type flip-flop with asynchronous reset used
for the gate shaper: the delayed PHOTON IN pulses are ap-
plied to the CLOCK input, whilst the SHAPER OUT signal is
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FIG. 4. Counting window. The PHOTON IN stream to be acquired is applied
to the clock input of a fast ECL D-type flip-flop. The D input implements the
gating function: when SHAPER OUT is at logic level HIGH, the flip-flop
output Q is set HIGH by the clock signal. A delay line between Q and R sets
the duration of the output pulse to 8 ns.

applied to the D input. In this configuration only the CLOCK
transitions falling within the gate window (i.e., when D is
set to logic level ““1°’) results in a transition of the Q output
(COUNT OUT), otherwise they are ignored.

The Q output (COUNT OUT) is connected to the asyn-
chronous RESET input through an 8 ns delay line. In this way,
the flip-flop output pulse is set with a fixed duration of 8 ns,
compatible with the minimum pulse width requirements for
the following CPLD input stage.

The output pulses from each of the two counting win-
dows are routed through a multiplexer to either the CPLD or
the output stage. The latter provides NIM (Nuclear Instrumen-
tation Modules) output pulses from 0 V to —0.8 V, compatible
with most of the commercial TCSPC boards. This additional
output can be used to characterize the performance of the gat-
ing windows or it can be exploited to connect the gating part
of the instrument to an external counter or TCSPC board.

E. Programmable counter and timer

Figure 5 shows the schematics of the two logic blocks im-
plemented inside the CPLD (EPM240, Max II Series, Altera).
Figure 5(a) shows the implementation of a 32-bit counter. A
first counting block is enabled for a well-defined integration
time through the CK_ENABLE pin, by the onboard micro-
controller, and detects all COUNT OUT pulses from the cor-
responding gating window (CK input). The resulting number
of counts is stored into an array (q[0:31] bus), which is read
by the microcontroller through a serial interface and a shift
register.

Figure 5(b) shows the schematics of the programmable
timer, which sets the integration time for the two coun-
ters within the CPLD. The time base is an external 4 MHz
oscillator with an overall frequency stability of 25 ppm, from
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FIG. 5. (a) Schematics of the counter block implemented inside the CPLD.
The programmable chip contains two counter blocks, one for each gating
window. (b) Schematics of the timer block. A stable crystal oscillator is used
as a reference and is divided by 40 000 in order to obtain a 100 Hz time base.
Both counters and the timer can be configured by the user via the microcon-
troller and its USB link.

—10°C to +70°C. Such time base is then divided by a fixed
modulus-40000 counter to obtain a very stable 100 Hz time
base. Another 18-bit serially programmable counter receives
the 100 Hz reference and outputs a synchronization signal,
which spans from 10 ms to approximately 40 min, user-
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selectable through the microcontroller interface, and is used
to enforce the integration time of the instrument.

lll. EXPERIMENTAL CHARACTERIZATION

All previously described building blocks are assembled
in a 4-layer printed circuit board (PCB). Another custom-
made board houses the power supply unit that provides all
power rails for the correct operation of all components start-
ing from the standard 110 V/220 V mains. Everything is
housed within an aluminum box (23 cm x 23 cm x 8 cm) to
provide adequate temperature stabilization through a copper
heat sink (connecting the bottom of the PCB to the housing)
and a fan.

We performed an extensive characterization of the mod-
ule in terms of temporal response uniformity, minimum
achievable counting window width, maximum count rate, and
system thermal stability.

A. Counting window

In order to test the uniformity of the counting window
and its minimum and maximum widths, we picked up the out-
put stage signal (before the CPLD) and fed it to the START in-
put of a TCSPC board (SPC-630 by Becker and Hickl GmbH,
Germany). A pulse generator (§81150A by Agilent Technolo-
gies, USA) was set to 5 MHz and the output was fed both to
the STOP input of the TCSPC board and to the SYNC input
of the gated counter under test. Finally, we connected a SPAD
module in free-running mode (PDM by Micro Photon De-
vices Srl, Italy) to the PHOTON IN input of the gated counter.
In this way, under ambient light illumination, the SPAD
module provides a uniform distribution of pulses in time,
uncorrelated with the 5 MHz pulse generator. Results are
shown in Fig. 6. The left plot (Fig. 6(a)) shows the minimum
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FIG. 6. Minimum (a) and maximum (b) detection windows obtainable with the gated photon counter. The minimum window width is 68 ps full-width at half
maximum (FWHM) while the maximum window is 10 ns wide. The user can select any detection window in this range, with a fine resolution of 10 ps.
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achievable window with a FWHM of 68 ps (which is not lim-
ited by the intrinsic timing jitter of the TCSPC board, i.e.,
about 8 ps). Figure 6(b) shows the maximum gate width of
10 ns FWHM, again with very sharp rising and falling edges
(<35 ps, 20%—-80%) and a flat, uniform temporal response.

B. Maximum count rate

In order to measure the maximum achievable count rate
and assess accuracy at different count rates and integration
times, we connected the gated photon counter in parallel with
areference counter (53131A by Agilent Technologies, USA).
The output of a pulse generator (81150A by Agilent Tech-
nologies, USA) has been split in two and fed to both SYNC
and PHOTON IN inputs. Both counting windows have been
set to 10 ns widths and to be coincident with the incoming
PHOTON IN pulses, in order to count every generated pulse.
The same signal was connected to the commercial counter
to provide a reference count value, with an accuracy of less
than 5 ppm. Table I shows the obtained results. The max-
imum achievable count rate is 100 Mcps with an error of
5.6 ppm with respect to the reference value at 10 s integra-
tion time.

The limitation in the maximum count rate is set by the
used CPLD, which offers a wide range of functionalities but
has a minimum pulse width of 8 ns. The good accuracy is ob-
tained, thanks to the crystal oscillator employed as time base
for the integration time, which shows a maximum frequency
error of 25 ppm over a temperature range of 80 °C.

C. Thermal stability

The internal components of the gated photon counter are
sensitive to thermal drifts, especially the programmable delay
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TABLE I. Count rate error in parts per million (ppm) at different integration
times (in seconds).

Input count Error at 0.1 s Error at 1 s Error at 10 s
rate (ppm) (ppm) (ppm)

10 Hz <1 <1 <1

100 Hz <1 <1 <1

1 kHz <1 <1 <1

10 kHz <1 <1 <1

100 kHz <1 <1 4

1 MHz <1 2.7 3.85

10 MHz 3 291 3.94
100 MHz 3.12 43 5.6

lines used to synchronize signals and to select the counting
window widths. The delay line data-sheet reports a worst-
case temperature sensitivity of 15 ps/°C, which is compara-
ble with the window transition times and therefore should be
compensated to avoid drifts in the measured data. To ensure
proper operation of the module and a long-term stability, an
adequate thermal stabilization is needed. We used only pas-
sive solutions: a copper heat sink, placed on the bottom of the
PCB, connects together the sensitive components to the alu-
minum box and a fan provides proper heat exchange. More-
over, both PHOTON IN and SYNC signals have identical
path lengths in the layout and pass through the same num-
ber and type of components in order to minimize the effect of
common-mode thermal drifts between the two signals.
Figure 7 shows an estimate of the capability of the
thermal stabilization system. In Fig. 7(a) a 1 MHz square-
wave signal is applied to both PHOTON IN and SYNC inputs
and is placed just on the edge of the counting window, at 80%
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FIG. 7. (a) Count rate drift due to a temperature step increase. The counting window was set to 10 ns and 1 MHz input signal was integrated for 1 s. The input
signal was synchronized at approximately 80% of the rising edge of the gating windows in order to obtain an 80% probability to detect every count (given a
uniform distribution function of the detection probability) and to be extremely sensitive to time drifts. Following a +5.5 °C temperature step, the gating windows
drifts in time (13 ps/°C) and the count rate drops to zero. (b) Temperature drift of the module’s PCB versus environment temperature drift.
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of the rising edge of one counting window, in order to have
80% probability to be detected at every trial (given a uniform
distribution function of the detection probability). While the
temperature is kept stable and uniform all over the board at
28.5 °C by the passive heat sink and the fan, the total counts
integrated for 1 s are stable and correspond to approximately
800 kcps. By increasing the temperature with no temperature
stabilization (i.e., removing the heat sink and the fan), the
counting window position drifts (the delay of the counting
window increases) and so the acquired counts drop to zero.
Since the rise-time of the gate shaper is 35 ps (20%—-80%) and
the minimum temperature step to have zero counts is 5.5 °C,
we estimated a drift of 13 ps/°C.

The passive solutions for temperature stabilization of the
gated photon counter are enough to withstand the sudden am-
bient temperature changes of few celsius degrees that could
happen during data acquisition. Figure 7(b) shows the tem-
perature drift of the PCB during an abrupt ambient tempera-
ture change: for a 10 °C change in room temperature in 60 s,
the internal temperature of the module changes by only 2 °C,
thus limiting the overall counting window drift during data ac-
quisition. If the ambient temperature does not recover to the
initial value, also the gated photon counter temperature will
reach the new asymptotic value, but with a very long time con-
stant. Only an active temperature stabilization solution (like a
thermo-electric cooler) would compensate such drift.

D. Life-time measurements

Figure 8 shows the time response of a commercial silicon
SPAD detector (PDM by Micro Photon Devices Srl, Italy)
to a picosecond pulsed laser (40 MHz pulse repetition fre-
quency, A = 670 nm, FWHM = 100 ps, PDL-800 by Pico-
quant GmbH, Germany), reconstructed with three different
techniques. The blue solid line (bottom) is the waveform ac-
quired with a classical TCSPC board (SPC-630 by Becker and
Hickl GmbH, Germany): the SPAD response exhibits a typi-
cal exponential diffusion tail*> with a measured time constant
of 258 ps.

In order to show the functionality of the gated counter, a
5 s acquisition of the SPAD response was performed with two
counting windows (80 ps width) placed along the exponential
tail and spaced 1 ns apart. The two black diamond markers
represent the integrated counts N and N; in the two windows
at time t; and t,. By knowing a priori that the waveform can
be described by an exponential function N(t):

N@)=Axe /™, (1)

Rev. Sci. Instrum. 85, 013107 (2014)

10’
», Gated Counter
6 : °
10 : o.
¢ ‘e First window
10° o *
o .
3 N
ER
2 : &, Second window
g 103 : ...
(V) 4 'o.
Y% .“0000000.0‘
10°
10’
10°
0 1 2 3 4 5
Time (ns)

FIG. 8. Temporal response of a silicon SPAD to a picosecond laser pulse at
670 nm with 40 MHz repetition rate. The typical exponential decay (258 ps
time-constant) is reconstructed with a TCSPC board (blue line), with the
gated counter by shifting a single 80 ps window at 10 ps steps (red dots)
and can also be computed with a simple two windows acquisition (diamond
markers).

the time constant t can be extracted with the following
formula:

=2 )
In(N1/N>)

where T turns out to be 251 ps, in good agreement with the
value estimated by the TCSPC board.

It is important to note that the proposed gated counter is
not just a two-point counter. In fact it can also be exploited
to reconstruct the entire time-dependent optical waveform.
The red dotted curve (top) in Fig. 8 shows the same tempo-
ral response reconstructed with the gated photon counter, by
shifting an 80 ps window at 10 ps steps with respect to the
laser SYNC signal and integrating the collected counts for
5 s at each step. The time-constant in this case turns out to be
267 ps.

Thanks to its two very sharp (<70 ps) counting windows
and precise timing management (the jitter of each compo-
nents is <1 ps), we demonstrated that the developed gated
photon counter is able to extract with good accuracy (<5%)
information about a fast optical waveform with no need to

TABLE II. Comparison of the performance of the gated photon counter presented in this work and state-of-the-

art alternatives.

Gates per Acquisition Counter Mininum gate  Integrated
Channels channel rate (Mcps) depth (bit) width (ns) detector
This work 1 2 100 32 0.07 No
Becker and Hickl GmbH?’ 2 1 800 32 1 No
Stanford Research Systems?! 2 1 200 32 5 No
Stoppa et al.?* 14 1 1 17 0.5 CMOS SPAD
Rae ef al.”? 64 2 4 9 0.41 CMOS SPAD
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use any hardware or software demanding techniques, like
TCSPC.

IV. CONCLUSION

We presented the design and characterization of a high-
throughput gated photon counter, able to count electrical sig-
nals within two well-defined and programmable detection
windows. The module has a user-friendly interface and is
fully programmable via a USB link by a remote computer.
The performances of the whole instrument are summarized in
Table II, where the proposed module is compared with other
commercial and research products.

The design is also easily parallelizable both in integrated
circuits, programmable (CPLD or Field Programmable Logic
Array, FPGA) logics, or discrete component designs, when
cost-effective, compact, and high-throughput multichannel
acquisition systems must be developed. Therefore, it is suit-
able for many applications such as fluorescence lifetime imag-
ing, Forster resonance energy transfer, fluorescence corre-
lation spectroscopy, functional brain imaging, optical mam-
mography, molecular imaging, quantum information, and
many others, as a cost-effective alternative to TCSPC equip-
ment.
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