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The increasing complexity of recent photonic experiments challenges the development of efficient mul-
tichannel coincidence counting systems with high-level functionality. Here, we report a coincidence unit
able to count detection events ranging from single to 16-fold coincidences with full channel-number
resolution. The device operates within sub-100-ps coincidence time windows, with a maximum input
frequency of 1.5 GHz and an overall jitter of less than 10 ps. The unit high-level timing performance ren-
ders it suitable for quantum photonic experiments employing low-timing-jitter single-photon detectors.
Additionally, the unit can be used in complex photonic systems to drive feed-forward loops. We demon-
strate the developed coincidence counting unit in photon-number-resolving detection to directly quantify
the statistical properties of light, specifically coherent and thermal states, with a fidelity exceeding 0.999

up to 60 photons.
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I. INTRODUCTION

A coincidence counting unit (CCU) is an essential tool
widely employed in all applications requiring the detec-
tion of a large number of photons (or other particles)
and processing of the detected signals. Modern quantum
experiments employ increasingly complex systems with
a growing number of input and output channels [1-3].
These large-scale photonics systems hinge on the ability
to generate, control, and analyze the multiphoton quantum
states [1,4—6] frequently used in quantum communica-
tions [7,8], quantum computation, and simulations [9].
Particularly, complex coincidence processing has become
an integral part of measuring unknown optical states by
photon-number-resolving detectors based on multiplexing
[10—12]. Detected statistical properties of light are rou-
tinely applied to quantify nonclassicality and quantum
non-Gaussianity [ 13—17]. Furthermore, the advanced func-
tionality of these devices is of considerable interest in
on-the-fly multifold coincidence analysis to control large-
scale quantum systems via feed-forward operation and
photon-number-resolving postselection [18,19].

Conventional approaches to detect coincidences are
(1) time-to-amplitude converter (TAC) together with a
single- or multichannel analyzer, (2) time-to-digital con-
verter (TDC) followed by postprocessing, and (3) over-
lap logic coincidence systems realized with discrete
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components or using a field-programmable gate array
(FPGA). TACs and TDCs both typically offer tens-of-
picosecond resolution. TACs are not easily scaled up for
multicoincidence systems and possess a considerable dead
time limiting rate throughput to tens of thousands of events
per second [20,21]. TDC-based solutions stream time tags
to a computer for further processing. Therefore, a large
amount of data are processed offline. Alternatively, TDCs
are combined with an FPGA for subsequent processing
[22]. Pulse overlap coincidence systems use fast logic
gates and multiplexers to capture detection events and
detect coincidences [21]. Coincidence counting and his-
togramming could be programmed into a microcontroller
[23] or FPGA [24]. Functional blocks such as internal
delay lines, coincidence counters, and a processor can all
be integrated within a single FPGA chip [25-28]. Lately,
multichannel TDC-based coincidence counter architecture
in the same FPGA chip was introduced [29].

In this paper, we report an ultrafast electronic multichan-
nel CCU, producing a histogram of all possible coinci-
dence events for up to 16 constituent detectors. The device
performs a real-time classification of all possible detection
events in a 2'%-element histogram with a rate of up to 3
million events per second. We have conducted a compre-
hensive characterization of the presented CCU, revealing
excellent performance parameters, including a sub-100-
ps coincidence window, sub-10-ps jitter, and an ultralow
coincidence error probability. Furthermore, we demon-
strate the CCU versatility by implementing a multiphoton
counting experiment to fully characterize the statistical
properties of incident light.

© 2024 American Physical Society
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FIG. 1. (a) A block diagram of the CCU: the shapers prepare
square pulses; coincidences are evaluated as an overlap (&) of
the pulses and can be directly used or counted and sorted in
histograms by the microcontroller unit (MCU). (b) For photon-
number-resolved detection (PNRD), the CCU is connected to a
spatial-multiplexed optical network consisting of tunable beam
splitters and SPADs. The resulting coincidence histogram allows
for statistical analysis of the incident signal.

I1. COINCIDENCE COUNTING UNIT

Figure 1(a) shows an overview of the CCU architecture
based on fast positive emitter-coupled logic (ECL) offering
high-resolution coincidence counting. The CCU consists
of input signal overlap logic and data processing unit. The
device accepts 16 data inputs and a single gate input and
yields the complete histogram of 2!¢ multicoincidences of
the inputs within the gate signal. Each input channel con-
tains a shaping circuit with high-resolution programmable
delay lines to detect an input signal edge and provides
the output ECL pulse of a given width and delay. The
pulse width corresponds to half of the coincidence win-
dow, which can be tuned independently for each channel.
After the signal shaping, the signal and gate pulse enable
inputs of ECL latch circuitry. The latch records the overlap
of individual signal pulses and the gate signal and stores
information about coincidence events and single-channel
pulses. Data from the latch are transferred in the form
of bits. A detailed description of the pulse shaping and
processing is presented in Appendix A.

The outputs of the latch can be directly employed for
implementing real-time feed-forward control. For exam-
ple, one can switch between states of an electro-optic

modulator to modify the performance of the following
experimental setup. The maximum input frequency is lim-
ited to 1.5 GHz by the maximum operating frequency of
the delay lines. When a higher voltage is required to con-
trol the subsequent devices, it is necessary to utilize a
logic-level translator. In this work, we use a microcon-
troller unit for controlling and monitoring overlap logic
and data processing and storage. Consequently, an ECL-
CMOS translator is required, reducing the maximum input
frequency to 800 MHz.

The presented CCU allows the operation of two specific
regimes depending on the complexity of the measurement.
One can store the complete information about all possi-
ble coincidence events (2'® = 65 536 kinds of coincidence
events in total), termed the full histogram regime. In the
second regime, the CCU counts only coincidences of the
same order without information about the channel number
(the reduced histogram regime). For our specific technical
solution, the maximum processing rate is about 3 million
events per second for the reduced histogram and 2 mil-
lion events for the full histogram. This rate can be further
enhanced by utilizing an FPGA.

Another purpose of the microcontroller unit is to con-
figure the delay lines in the shapers to synchronize the
input signals and set the length of the coincidence window.
It also enables self-calibration of the CCU and monitor-
ing of the operating temperature and other parameters.
The minimum coincidence window can be set below 100
ps, and the maximum coincidence window length can
reach 20 ns. The detailed electronic characterization of the
CCU is presented in Appendix B. A comparison with the
state-of-the-art approaches is given in Appendix C.

III. PHOTON STATISTICS MEASUREMENT OF
LARGE OPTICAL STATES

Numerous technological approaches have been devel-
oped and experimentally verified to achieve photon-
number resolution, falling into two categories: inher-
ent photon-number resolution (superconducting nanowire
single-photon detectors [30—32] or transition edge sen-
sors [33—38]) and multiplex and/or multipixel detection
schemes [10-17,39—51]. In our case, the multiplexed
detector consists of tunable beam splitters composed of
a half-wave plate and a polarizing beam splitter; see
Fig. 1(b). This beam-splitting approach allows accurate
adjustments of the splitting ratio with an absolute error
below 0.3%. Each channel is coupled to a multimode fiber
and brought to a single-photon avalanche diode (SPAD)
with efficiency ranging from 55% to 70% at 0.8 pm,
200300 ps timing jitter, and 20-30 ns dead time. The
total detection efficiency 7 is defined as the ratio of the
total number of detected photons to the total number of
incident photons. Based on the measured transmittance
of the multiport optical network and SPAD efficiencies,

024023-2



HIGH-RESOLUTION COINCIDENCE COUNTING SYSTEM...

PHYS. REV. APPLIED 21, 024023 (2024)

we experimentally determined 7 as 50(1)%. Furthermore,
utilizing low-loss optics and superconducting nanowire
single-photon detectors [52] can enhance global efficiency
to over 85%.

As alight source, we use a gain-switched semiconductor
laser diode to generate a coherent nanosecond pulsed light
with a central wavelength of 0.8 pwm. The laser diode is
driven by nanosecond electronic pulses at a repetition rate
of 1 MHz. We use the temporal intensity modulation of the
initial coherent light by rotating ground glass to generate
pseudothermal light with Bose-Einstein distribution [53].
The optical signal is collected by a single-mode fiber to
produce a single-mode thermal state.

We quantify the statistical properties of light, focusing
on coherent and thermal states, across a wide range of
mean photon numbers. These states of light are detected
by a ten-channel multiplexed detector and processed by the
CCU in the reduced histogram regime. The coincidence
window width is set to be significantly larger than both the
optical pulse width and the detector jitter. Due to nonunity
detection efficiency, noise, and a finite number of single-
photon detection channels, we observe the probability
distribution of the coincidence events (i.e., click statistics)
¢ instead of the photon statistics p,. However, the click
statistics still carry information about the character of the
initial state of light. The parameter quantifying this phe-

nomenon is called the binomial parameter [11,54] defined
as Oy = {AY0C 1, where (¢) = YNy ici, ((A0)?) =
R0-5)
Z?/:O (i — (¢))*c;, and N stands for the number of detection
channels. States of light with a Poisson distribution result
in a binomial parameter of O, = 0, whereas non-negative
values occur for super-Poissonian states (see Fig. 2). For
coherent states, we measure the binomial parameters that
vary between 1(5) x 10~ and 1.0(5) x 1073, with a mean
number of clicks (c) ranging from 0.005 to 5. The values
of the binomial parameter do not exactly match zero due to
the higher variance in the measured click statistics caused

L fil pTiIm

FIG. 2. The binomial parameter O, as a function of the mean
number of clicks (c). Shown are the coherent states (blue circles)
and thermal states (red pentagons); the solid line represents the
theoretical model for thermal state.
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FIG. 3. Retrieved (blue bars) and theoretical (green circles)

photon statistics of coherent state (a)-c) and thermal state (d)—(f)
for several mean photon numbers: (a) (n)cs = 0.02119(3), (b)
(n)cs = 2.144(3), () (n)cs = 10.21(1), (d) (n)1s = 0.00949(5),
(e) (n)ts = 0.5113(4), and (f) (n)1s = 8.41(3).

by excess noise in the light source. Measured thermal
states cover values of mean number of clicks (c) ranging
from 0.002 to 3 with O, that encompasses the range from
5.1(7) x 1073 to 2.060(1). All measured values exhibit
excellent agreement with the theoretical predictions.

In addition to directly measuring the click statistics, we
have also retrieved photon statistics. Here, we demon-
strate the faithful photon statistics reconstruction over
three orders of magnitude of the mean photon numbers
within a dynamic range of up to 60 photons (see Fig. 3).
Results show unprecedented agreement between theoret-
ical distributions (green circles) and observed data (blue
bars) down to probabilities of 1078, It is important to
stress here that the photon statistics retrieval includes all
imperfections, such as slight imbalances of splitting ratios
in the photon-number-resolving detector and imperfect
light-state preparation. The fidelity of the retrieved photon

2
statistics, defined as F = (ZZ‘:})X \/p,,p}qdeal> , surpasses
0.999 for all measured states of light [see Fig. 4(a)]. In
fact, coherent states exhibit a fidelity exceeding 0.9997.
As the mean photon number increases, the retrieval pro-
cess degrades. This is a result of the increased probability
of higher Fock states within the analyzed state, leading to
a progressive divergence from the detector dynamic range.
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FIG. 4. Quantification of the retrieved photon statistics p,: (a)
fidelity F and (b) Mandel parameter Q,, as a function of mean
photon number (n). Shown are the coherent states (blue circles)
and thermal states (red pentagons); the solid line represents the
theoretical model for thermal state.

The extent of measurement degradation by the reconstruc-
tion error naturally depends on the photon statistics of the
initial light state.

The presented measurement workflow is scalable with
the total number of detection channels. Increasing their
quantity can expand the detector dynamic range, enabling
the measurement of optical states with even higher intensi-
ties. Also, the presented reconfigurable detection network
allows for a decrease in the number of employed detectors
to measure specific characteristics of the source under test.
Specifically, this enables a direct evaluation of the anticor-
relation parameter « [55], nonclassicality [14,15,17,54],
and quantum non-Gaussianity [16,56].

With a knowledge of the photon statistics, we explore
the Mandel parameter [13,57,58], which is a convenient
way to characterize deviation from Poisson statistics. The
Mandel parameter is defined as the ratio of the second
and first moments of photon statistic distribution: Q,, =
(((An)?) — (n))/(n). We calculate the Mandel parameter
of the retrieved photon statistics as a function of the mean
photon number of the initial state; see Fig. 4(b). We mea-
sure coherent states with Poisson statistics with the Mandel
parameter Q,, ranging from 3(5) x 10~ to 1.3(2) x 1072
and the mean photon number reaching (n) = 19.84(2).
The ideal Poisson distribution with photon number vari-
ance ((An)?) = (n) reaches the Mandel parameter Q,, =
0. The measured data are influenced by excess noise, lead-
ing to a slight offset from the anticipated value of the
Mandel parameter. For generated pseudothermal states, we
obtain the Mandel parameter ranging from Q,, = 0.012(2)
to 8.93(3) for (n) up to 8.410(3). The ideal chaotic thermal
light exhibits photon bunching, with the Mandel parameter

O, equaling the mean photon number (n), as confirmed by
the data [see Fig. 4(b)].

IV. CONCLUSION

We designed and developed a high-performance CCU,
achieving low propagation delay, a well-defined adjustable
coincidence window, 10-ps overall jitter, and high-
precision multicoincidence counting. The CCU enables
storing the complete histograms of all possible coincidence
events (65536 for 16 channels) with full channel reso-
lution or a reduced histogram carrying information only
about summarized n-fold coincidences. Alternatively, the
information about the coincidence events can be directly
used as an advanced trigger to control complex pho-
tonic systems. In terms of scalability, the CCU supports
extensions of the total number of input channels, eas-
ily exceeding 100. Advancements in coincidence count-
ing and processing to a mesoscopic scale offer ground-
breaking applications in quantum communications, simu-
lations, and boson sampling machines.

The presented CCU allows for a wide range of multiple-
detector experiments. We performed a photon-number
counting experiment employing single-photon detectors
to investigate the statistical properties of the initial light.
The results show unprecedented accuracy of photon statis-
tics measurement (F > 0.999) with a dynamic range of
photon-number resolution up to 60 photons. The presented
measurement process is independent of the number of
channels and can be scaled up to a level where hun-
dreds of photons can be detected, which is crucial for
quantum receivers, quantum tomography, photonic source
benchmarking, and other applications.
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APPENDIX A: ELECTRONIC DESIGN AND
IMPLEMENTATION OF THE COINCIDENCE
COUNTING SYSTEM

Here, we present a detailed description of the devel-
oped ultrafast electronic multichannel CCU based on ECL
circuitry. In the main text, Fig. 1(a) shows an overview
of the CCU architecture consisting of a shaper, latch,
and microcontroller. A shaper is a crucial circuit build-
ing block comprised of a fast comparator (MAX 9600), a
pair of delay lines (SY89295U or MC100EP195, depend-
ing on market availability), and basic gates (MC100EP0S5).
Figure 5(a) depicts a block diagram of a single shaper. For
a detailed pulse shaping and processing description, see
Fig. 5(b). The fast comparator processes the input signal to
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convert it from the original waveform to a defined pulse,
triggering the first flip-flop circuit. Each input channel has
an adjustable threshold from 1 to 4 V. The flip-flop stores
state information and creates a time window independent
of the input signal. The flip-flop output is split into two
pulses and modified by parallel delay lines and inverters.
The pulse emitted by the shaper is defined as an output
of'the AND gate that implements the logical conjunction of
the delayed pulses. The first (second) delay line sets the ris-
ing (falling) edge of the corresponding time window. The
width of the time window is given as the time difference
between these two propagation delays. The gate signal has
its shaper, including one extra delay line for additional
delay adjustment. The gate pulse is distributed to indi-
vidual latch inputs utilizing electronic repeaters. Recently,
after acquiring data for this work, we updated the CCU
design. We distribute the rising edges of the gating sig-
nal and subsequently generate individual gate pulses. This
approach mitigates spreading of short edges due to long
propagation on printed circuit boards and further improves
the quality (steepness) of the rising and falling edges.
Each programmable delay line employed in the shap-
ing circuitry has 1024 discrete steps with an average delay
of 9 ps (for our setting and operating temperature). The
resulting coincidence window is adjustable from the sub-
100-ps regime to approximately 20 ns, i.e., two times the
maximum delay of a single signal shaper. The delay lines
can also compensate for differences in input signal arrival
times. The individual channels can be delayed within a
range of up to 10 ns, as discussed above. The maximum
delay between the gate and the signal channels can be set

to 20 ns for a sub-100-ps coincidence window. However,
for the maximum 20-ns coincidence window, the entire
capacity of the delay lines is used to create the coinci-
dence window, and the input signals need to be externally
synchronized.

The latch, composed of 16 AND gates and the flip-flop
circuits (MC100EP51), counts all possible coincidences
between the rising edge of the gate pulse and 16 rising
edges of the signal pulses. The AND gates generate an
output pulse only when input and gate pulses are received
simultaneously. The microcontroller unit (STM32F429)
receives the data from the latch and sorts the results into
a histogram in memory. Data, including information about
the number of single-channel pulses and coincidences, are
transferred to a personal computer via USB. Finally, the
microcontroller unit resets all flip-flop circuits and enables
the CCU for another detection event. Our CCU design
offers unparalleled scalability, accommodating an unlim-
ited number of input channels with the potential to support
up to 100 input channels.

APPENDIX B: ELECTRONIC
CHARACTERIZATION OF THE COINCIDENCE
COUNTING SYSTEM

To characterize the performance and capabilities of the
presented device, we evaluate the following figures of
merit: (1) the minimum and maximum coincidence win-
dow length, (2) timing granularity, (3) timing jitter, (4)
higher-order coincidence failure probability, and (5) max-
imum detection rate. We analyze the coincidence window
width and rising and falling edges. The whole measure-
ment is based on changing the mutual position of the gate
and channel pulse. As a result, we obtain the number of
coincidence events as a function of time delay. The mini-
mum and maximum widths of the coincidence window are
sub-100 ps and 20 ns, respectively. The main limitation of
the maximum coincidence window width is the maximum
range of delay lines. The results show that the coincidence
windows are well defined in time, and they are almost per-
fectly rectangular with sharp edges with a value typically
around 18(5) ps for all channels (see Figs. 6 and 7). The
employed high-speed ECL components with fast transition
times guarantee a short propagation delay below 5 ns. The
overall jitter of the presented CCU is less than 10 ps.

The presented CCU meets the conditions for a high-
resolution coincidence system with equal probabilities for
all orders of coincidence events. We have analyzed the
precision of counting coincidences utilizing a home-built
multichannel pulse generator with a repetition rate from
0.2 to 10 MHz. The signal is generated by a relaxation
oscillator whose output is delayed by a resistor-capacitor
low-pass network and fast inverter with Schmitt trig-
ger inputs (74ACT14T). This generator was developed
to simulate the typical output signals of state-of-the-art
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FIG. 6. A full scan of the coincidence window of width (a)
sub-100 ps, (b) 700 ps, and (c) 3 ns.

single-photon detectors with a jitter of less than 10 ps.
All detection channels are synchronized with the genera-
tor output pulse. The result is that all coincidence events
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runs. The error bars represent one standard deviation.
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FIG. 8. Analysis of the coincidence error probability of the
individual n-fold coincidences for several different widths of the
coincidence windows: 1.5, 3.0, 10, and 20 ns. Presented values
are calculated as the average over the 250 measurement runs. The
error bars represent one standard deviation.

should be evaluated as 16-fold coincidences. We compare
the measured coincidence events with the number of gat-
ing pulses to evaluate the counting error of the number of
coincidence events. For measurements ranging from 16-
fold coincidences down to single events, we systematically
deactivate the detection channels one by one. Figure 8
shows the analysis of coincidence counting precision for
several configurations of coincidence window width from
1.5 up to 20 ns. All coincidence errors across all tested
coincidence windows are lower than 10~7. This indicates
ultralow coincidence errors due to resetting the latches,
most probably caused by back reflections via imperfect
impedance matching.

TABLE 1. Performance parameters comparison of the pre-
sented CCU and other coincidence unit approaches.

Ref. [25] [26] [27] [28] [29] [59] This work
Number of 8 48 8 32 8 20 16
channels

Measurable 8 6 8 8 8 20 16

coincidence
folds
Maximum 163 76 50
input frequency
(MHz)

Minimum
coincidence
window (ns)

80 40* 400° 1500

047 03 10 039 ... 046 <O0.1

Maximum
coincidence
window (ns)
Channel No No No
resolution

1322 19 70 ... ... 10 20

No Yes No Yes

#Up to 2-fold coincidences only.
bCharacterized in 2-fold coincidence measurement.
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APPENDIX C: CCU PERFORMANCE
COMPARISON

In Table I, a summary of the performance of the vari-
ous CCU approaches is shown. The presented CCU offers
high n-fold coincidence counting (n = 16) with channel-
number resolution, the shortest well-defined sub-100-ps
coincidence windows with 10-ps overall jitter, and the
highest maximum input frequency of 1.5 GHz.
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