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Abstract—Vision systems capable of acquiring both
two-dimensional and three-dimensional information through
Light Detection And Ranging are assuming ever-increasing
importance, being this market driven by the push from auto-
motive companies to develop systems to be integrated in self-
driving vehicles. Among others, candidate sensors for these
systems are avalanche photodiodes, single-photon avalanche
diodes, and silicon photomultipliers. Avalanche Photodiodes
provide a good robustness to high background light at the
cost of requiring an analog readout, instead Single-Photon
Avalanche Diodes offer the possibility to implement digital
readout and single-photon sensitivity, but are prone to satu-
ration at extremely high background levels. We compare these
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three single- and multi-photon detector topologies, operated either in linear or digital regime, aiming at identifying the best
suited detectorto achieve the highest performance in Light Detection And Ranging applications at the lowest optical power

active illumination and in presence of intense background (e.

g. 100 klux). We present Matlab modelling and simulations

and their experimental validation. Eventually, we propose a nomogram (referred to 100 m target distance) for identifying
the most suited sensor topology across different operating areas and constraints, in order to achieve at least 70% success

ratio.

Index Terms— Single photon detectors, avalanche photodiode (APD), single-photon avalanche diode (SPAD), silicon
photomultiplier (SiPM), 3D ranging, light detection and ranging (LiDAR).

|. INTRODUCTION

URING the last decade, many automotive companies,

such as Waymo, Ford, Toyota, Tesla and others, have
been investigating reliable autonomous driving vision systems.
While some companies are investigating systems based on
77 GHz radar (mainly used for adaptive cruise control [1])
and pure two-dimensional (2D) vision [2], the great majority
of the players are working on three-dimensional (3D) ranging
systems, able to reconstruct obstacles’ shape and position [3].
The most widespread approaches rely on Light Detection And
Ranging (LiDAR), mostly based on shining a laser pulse
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towards the target scene and measuring the back-reflected
light, in order to measure objects’ distance either through
actual “direct” (dTOF) or “indirect” (iTOF) Time-Of-Flight
techniques [4]. The former is expected to achieve better signal-
to-noise ratio with lower active illumination power, and can
exploit various types of photodetectors and techniques, e.g.
by raster-scanning a single detector through the overall field-
of-view (FOV) [5], or with an array imaging the whole
scene with no moving parts [6] [7]. Furthermore, Single-
Photon Avalanche Diode [8] (SPAD) iTOF could measure
wrong distances because different target colors, instead, dTOF
systems are immune to this problem [9].

The automotive market requires extreme reliability and
negligible failure-rate in all possible atmospheric conditions,
with the lowest possible active illumination for achieving eye-
safe, long-range (hundreds of meters) measurements. From
this standpoint, SPADs are valid candidates since they can
detect single photon [10]. However, their count-rate saturates
to tens of million photons per second at most, that may be
still lower than the worst-case condition for LiDAR, when
strong background light reflects back from white, highly
reflecting obstacles during the brightest day (up to about
100 klux). On the other hand, analog detectors can be easily
operated in presence of high background light, but they
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typically require higher optical power to overcome the intrinsic
readout noise [11]. Avalanche Photodiodes (APDs) have inter-
nal gains, allowing for better sensitivity than other analog
detectors, but they are still unable to match the single-photon
sensitivity of SPADs, and also they require an analog read-
out circuit to interface the detector to the digital parts of
the system. Eventually, Silicon-Photomultipliers (SiPMs) [12]
extend dynamic range and provide multi-photon sensitivity and
photon number resolution, through the parallelization of many
SPADs with individual quenching resistors. Their ensemble
response can be either analog or digital and can be used to
develop pixels with multiphoton capability, but they must still
avoid saturation and they still need an analog readout.

Other researches on this topic has been performed, for
example on the time resolution of different photodetectors
used in LiDAR applications [13]. In this paper, we compare
these different single- and multi-photon detectors and tech-
niques in order to identify which one requires the lowest
laser optical power given the environmental conditions. In our
analysis, we considered both analog and digital detectors,
operated either in single-shot or repetitive accumulation mode,
respectively, for exploiting their best performance in the most
suitable operating condition. To this aim, we will present
both plots of analog waveforms and time-resolved histogram
distributions of detected events for the different detectors.

In our simulations we considered an automotive scenario,
using 100 m as the maximum target distance and 3 ns (thus
~50 cm) as the discrimination time window of the acquisition
system; this kind of analysis can be used to evaluate “long
range” systems where a 50 cm error may be considered
reasonable. This kind of system is not suitable for short range
LiDAR, as parking system or similar where it is important
to discriminate distances around 5 cm. To this aim, at first
the three sensor topologies will be modelled and simulated
in Matlab in Section II; then Section III will illustrate the
optical system and electronic hardware for the measurements;
Section IV will validate simulations with experimental results;
eventually, Section V will derive a nomogram and will discuss
different case-studies for SPADs (Section V.A), analog SiPMs
(V.B), and digital SiPMs (V.C). Finally, Section VI will draw
conclusions and perspectives.

The conclusions will be based on ideal photodetectors
because different photodetectors have different constraints
as noise, dark counts, efficiency and other various physical
constraints such as, for example, the minimum SPAD size.
Once all photodetectors are compared on a single nomogram,
the user can evaluate if the device is suitable or not for a
certain working point. In case it is not feasible, the user can
adjust the axis of the nomogram (thus keeping the same shape
of the working region) in order to have an idea if such a
device can become suitable. This point will be clarified in the
Conclusions.

Il. SIMULATIONS
In order to compare single-photon and multi-photon detec-
tors in different operating conditions, we developed Matlab
scripts, which take as inputs the main system-level parameters
(e.g., object distance, reflectivity, detection rates due to ambi-

ent background and active illumination, and optical efficiency)
and output the time-domain waveform response.
The solar background photon rate is computed [14] as:

2F#

where 1 is the active illumination wavelength, E is the number
of background photons per second per square meter [15], 6
is the angle between the normal of the target surface and
background source, p is the target reflectivity, A is the detector
sensitive area, F# is the f-number of the optical system,
Npixel is the number of the pixels (in case of a detector array),
and ty;, is the simulation time-step. Instead, the signal photon
rate [14] is given by:

1) 1
Cpixel,sun(/l) =E(4)-cosf-p - A (—) s —— toin (1)
Npixel

c b D\> 1 5
pixel(€) = Pr - he P (22) ' Npixel fbin @
where Pr is the emitted power, D is the aperture, and z is
the target distance from the objective. In addition, the scripts
include detector-specific parameters. For APDs: gain, band-
width, quantum efficiency (QE), dark current, and excess-noise
factor (ECF). For SPADs: pixel fill-factor (FF), PDE, dead-
time, dark count rate, and time-jitter. For SiPMs: gain, number
of cells, recovery time, time-jitter, photon-detection efficiency
(PDE), dark count rate, and single-photon output waveform,
with a Gaussian peak and an exponential decay [21].

Each simulation begins with the creation of a numerical
vector containing the average number of background photons
in each 10 ps time-bin and the signal photons across the bins
corresponding to the given Time-Of-Flight (TOF), i.e. to the
target distance, spread as a Gaussian distribution around the
expected TOF, following the Poisson statistics [16]. Then,
the numerical vectors are processed as detailed in the follow-
ing sections, depending on the detector-specific parameters.
Eventually, the simulated TOF return peak is identified and its
time-position is compared to the expected TOF, with a 3 ns
tolerance window. Such large window is needed to compensate
the left time shift of the received signal due to the increasing
power of the light source, so it is possible to use the same
window position for all measurements. If the signal power
is increased, the power of the signal tail will also increase,
so it happens that photons in the tail overcome the background
light and saturate the sensor before the signal reaches the
maximum amplitude causing a left shift of the detected peak.
The simulated measurement is considered successful if the
identified peak falls within the tolerance window and wrong
otherwise. This evaluation is repeated 20 times for each back-
ground and signal combination to evaluate the “success ratio”,
i.e. the percentage of measurements fallen inside the tolerance
window, in order to estimate the measurement reliability.

The outcomes of such quantitative comparisons will be
analyzed in Section V, where a general-purpose nomogram
will also be presented. 20 repetitions for each point will
give us a 5% quantization in the results. In paragraph IV,
Figure 18 shows that a quantization of 5% is sufficient to
our purpose: the “noise” on the success ratio is very low.
Taking into consideration where the APD does not operate
properly, the error rate is < 5%. For this reason, there is no
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significant advantage in further increasing the quantization (i.e.
the number of repetitions).

A. APD, Avalanche Photodiode

In order to analyze the APD response, the average number
of photons in the numerical vector is amplified by the overall
(APD and front-end circuit) gain, with the addition of noise
contributions (namely electronic noise, Poisson variance, and
excess noise).

Given the APD analog response, a single laser pulse (con-
taining many photons) may be recorded one-shot, with no
need for repetitive laser excitations. The resulting vector is
then low-pass filtered, taking into consideration both APD
and electronics bandwidths, and eventually converted into the
corresponding voltage waveform, through the transimpedance
amplifier of the front-end electronics with an overall noise of
about 6 mVywms.

The excess noise factor has been evaluated comparing the
simulations with acquisitions made by using a known DC light
source: the obtained value has been 13.

In order to avoid amplifier saturation, a 1.6 kHz high-pass
filtering is applied to suppress the strong DC background,
which translates into a constant output voltage baseline.
Figure 1 shows a simulated output waveform for an APD.

B. SPAD, Single Photon Avalanche Diode

Differently from the APDs, to make an estimation of
the target distance using SPADs, repeated measurements are
required in order to realize histograms with the photons’ arrival
time. Being capable to see only one photon per frame it is not
possible to work single shot with SPADs.

Moreover, SPADs are inherently digital, thus with no noise
contribution due to readout and excess factor. However, they
require a dead-time after each ignition, to properly quench
the avalanche process and recover completely the PDE, limit
afterpulsing [17], and reset the detector back to operation.
Dead-time lasts about tens of nanoseconds for Silicon SPADs
and even some microseconds for InGaAs/InP ones, suitable
for near-infrared applications up to 1.6 um wavelength [18].
Such dead-time causes signal distortion, because the SPAD
is blind therein; hence the measured signal detection rate
decreases and a constant background light results in an expo-
nential decaying distribution of detected events (see Figure 2)
because early photons have higher probability to be detected
compared to late ones. This effect is also known as “pile-up”
distortion [19].

In the followings, we consider the SPAD capable to detect
only one photon per laser shot, i.e. with a dead-time longer
than the interval between two laser pulses or with a timing
electronics (e.g. a Time-to-Digital Converter, TDC) able to
perform and store only one TOF conversion per laser pulse.
This is indeed the case when a single SPAD (with a single
TDC) is scanned across the scene under observation and also
when an array of SPAD pixels (each with a SPAD and a TDC)
is employed as a 3D ranging imager with no need for scanning.

The simplest approach for the peak detection is to identify
the histogram bin with the highest number of simulated
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Fig. 1. Simulated time-domain waveform of the APD detector for a 500 ns
TOF measurement.
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Fig. 2. Simulated TOF histogram (blue) of a 30 um diameter SPAD and
its fitted curve (orange) across a 400 ns frame-time.
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Fig. 3. Result of the subtraction of the fitted exponential decay from the
histogram in Figure 2, in order to detect the TOF peak.

detections; however, the pile-up distortion could cause errors
(see for example the first 40 ns of the blue histogram trace
in Figure 2). Thus, first we fit the histogram with an expo-
nentially decaying curve (red trace in Figure 2), which is then
subtracted from the original histogram, in order to get rid of
most of the background photons (Figure 3), and eventually
we identify the highest peak (corresponding to 190 ns in this
example, i.e. to a distance of 28.5 m).

C. Analog SiPM, Silicon PhotoMultiplier

An analog SiPM consists of many microcells made by one
SPAD and one quenching resistor each, connected in parallel
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to provide an output current pulse proportional to the number
of detected photons. Given the analog nature of the microcell’s
passive quenching circuit, it is important to correctly model
the recovery transition of each microcell.

In fact, the SPAD excess bias Vgx (voltage difference
between the applied voltage and the breakdown one) drops
to zero (self-quenching) almost suddenly after each avalanche
triggering and then it recovers to the quiescence value (reset
transition), with an exponential time constant given by the
quenching resistance and the SPAD stray capacitance. The
PDE dependence on Vgy can be approximated as [20]:

_YEx®
PDE(t):QE-[l—e Ve i| 3)

where QE is the quantum efficiency of the SPAD, dependent
on the wavelength of interest and on the junction depleted
width, and V¢ is a fitting parameter. For modelling the
detection probability, the vector containing the randomized
photons is scanned and every time a photon is encountered,
an actual detection is marked only if a randomly generated
number is lower than the probability:

Piot(t) =1 —[1 — PDE(r)]"n 4)

where Npp is the number of photons in the bin. Note that Py is
also time dependent, because PDEdepends on Vgy and that
to use Pio¢ it must be scaled by the FF. In case of success,
the photoelectron response is saved in a new vector, with a
time-dependent photo-electron time-dependent gain given by:

G (1) = Go - (1 —e—%) (5)

where 7 is the microcell’s time recharge constant and Gy is
the maximum gain given by the SiPM producer.

In the SiPM the time dependence of the gain has to be
added in simulations because the gain drop is much more
evident, because after each event there is a complete discharge
of the SiPM capacitance. Once all events of all microcells
are accumulated into a final vector, the resulting waveform
is convolved with the exponential decay and the capacitive
coupling given by the capacitor in parallel to the quenching
resistor which provide a fast peak before the exponential
decay [21] (the various components of the simulation can be
seen in Figure 4). Finally, the photocurrent is converted into
a voltage waveform and filtered (similarly to the APD case,
in Section II.A), through the transimpedance of the external
amplifying stage. Figure 5 shows a result example. Differently
from the APD, in this case not only the electronics can reach
the saturation but also the SiPM itself can saturate, having
it a finite number of cells, it saturates when all the cells are
triggered.

We crosschecked our Matlab simulations with electrical
circuit simulations of actual SiPMs, based on the SPICE model
reported in Ref. [21]. Figure 6 shows the excellent matching
when a SiPM with just 10 microcells is considered in order to
highlight the quantization of peak intensities and decay time
constants. Note that, for the synchronicity between the Matlab
(randomly) simulated triggering events and those simulated in
SPICE, we employed the generated photon sequence in Matlab
to trigger the microcells’ SPICE models.
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Fig. 4. Simulation steps for an analog SiPM: capacitive coupling (top),
exponential decay (center), sum of the two components (bottom).
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Fig. 5. Simulated analog SiPM response, where every decay is a one-
microcell event (due to either a background photon or a dark event)
whereas the peak at 1 us is due to the laser shot’s simultaneous photons.

D. Digital SiPM

The actual limitation in measuring the TOF of each photon
detected by a SPAD (as in the simulations of Paragraph II.B)
is often the maximum throughput of the Time-to-Digital
Converter (TDC) electronics, since the TDC conversion time
is usually longer than the SPAD dead-time. For this reason,
hybrid topologies with arrays of SPADs and shared TDCs
have been proposed in literature, in which the TDC gets
triggered only when a proper number of photons are detected
at the same time in a sub-array. For example, in Ref. [22]
the four SPADs of a microcell share one TDC, which gets
triggered when a predefined number of SPADs get triggered
(e.g. two SPADs), thus reducing unwelcome events related
to background photons (usually random in time and not
concurrent).

As digital SiPM, we consider an array of independent
SPADs with own active quenching circuitry, able to trigger
one single TDC. Therefore, the digital SiPM cannot provide
a 3D ranging image of the full scene, but it acts as a single
point detector. Instead, an array of x x y digital SiPMs with
one TDC each (i.e. x x y TDCs in total), could provide 3D
ranging maps.
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Fig. 6. Comparison between SPICE (top) and Matlab (bottom) simu-
lations of an analog SiPM behavior. Note that the output has negative
values because the SiPM was simulated for an anode-readout.

In order to simulate the digital SiPM, we used the same
algorithm of Paragraph II.B but, instead of disabling the SPAD
for the whole remaining frame time after each triggering, we
implemented a fixed dead-time duration (20 ns i.e. shorter
than the frame period) after each ignition in each SPAD, after
which the PDE is completely restored [23]. As an example,
for a digital SiPM with 3 x 3 SPADs with threshold set
to 2 coincident photons, we start from 9 numerical vectors
containing the incoming photons for the 9 SPADs, then we
scan all them with a coincidence time-window (e.g., 2 ns wide)
and we generate a TDC triggering event as soon as at least
two photons are found within the time-window. An example
of comparison can be seen in Figure 7. In a “standard” SPAD
camera, the SPAD can see only one photon per frame. Instead,
the possibility to see more than one photon per frame enable
the pixel to see coincidences also if all SPADs have been
triggered previously by background photons. Since the TDC
dead-time is much longer than the SPAD quenching dead-
time, we have to reduce the number of triggering events
in order to start conversion only when it is more probable
that the event is related to signal and not to background,
so the TDC is being triggered only one time per frame
when a coincidence event occurs. This can be a solution to
reduce the TDC conversions due to background and, theoret-
ically, to increase the number of conversions related to the
signal.

I1l. MEASUREMENTS SETUP

For validating modelling and simulations, we developed
the optical setup shown in Figure 8, capable of testing two
photodetectors at the same time, while imaging the same scene
at exactly the same conditions (i.e. signal and background
photon rates). A 25 mm focal length objective focuses the
incoming light onto a diaphragm, which allows to adjust FOV
and desired signal-to-noise ratio. In fact, since the return
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Fig. 7. Example of an acquisition and a simulation of a digital SiPM. The
dSiPM acquisition is realized using post-processing and SPAD camera
capable to see only one photon per frame for each pixel (no rearm after
the first photon). To evaluate the coincidences, we used the TDC data of
the 4 SPADs present in a generic 2 x 2 subarray.

Filter (BP) at 670 nm Splitter 50:50
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! | ﬁ |
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f=25 mm Diaphragm =100 mm Lenses
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Target D=25mm
p=08 Photodetector 2 -~
Fig. 8.  Optical system to compare the behavior of two different

photodetectors at the same time, including target object, objective with
bandpass filter, diaphragm, collimating lens, beam splitter and focusing
lenses.
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Fig. 9. Measurements and simulations of APD signal peak amplitude
versus optical attenuation (using neutral density filter). At the maximum
signal (with no attenuation), about 3300 signal photons per pulse on
average reached the detector.

laser spot covers an area much narrower than the FOV,
the diaphragm affects just background and not the laser signal.

A 10 nm bandpass (BP) filter centered on the laser 670 nm
wavelength is placed in front of the objective to reduce the
background light. The rays are then collimated by means of
a converging lens with 100 mm focal length and 50 mm
diameter and split onto the two photodetectors by means of a
50:50 beam-splitter, through two twin converging lenses with
20 mm focal length and 25 mm aperture. For the overall
system, we computed a 63% overall transmittance efficiency
at 670 nm wavelength.
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Fig. 10.  Measurements and simulations of APD background RMS

noise versus optical attenuation (using neutral density filter), with a
6-10'8 ph/(s-nm-m?) background illumination.

We employed a 670 nm laser with 400 ps Full-Width at
Half Maximum (FWHM) and 200 mW peak power. The used
repetition rates of the laser were variable from 10 kHz to
1 MHz using always periods much longer than the detectors
transients. As background light we employed either natural
solar illumination (during favorable day-light conditions) or an
LED and halogen lamp, whose power was adjusted in order
to match solar illumination.

Concerning detector readouts, both APDs and analog SiPMs
were coupled to a 450 MHz bandwidth Transimpedance
Amplifier (TTA) and the output voltage waveforms were
acquired by means of a 1 GHz bandwidth oscilloscope.
Instead, SPADs were connected to on-chip quenching cir-
cuits [9], whereas a SPAD camera [3] was exploited to emulate
the digital SiPMs by identifying concurrent detections from a
pixel subset.

IV. MEASUREMENTS AND RESULTS

We validated the APD modelling by comparing the signal
amplitude of measurements and simulations (Figure 9) and
the root mean square (RMS) values of both background and
electronic noises (Figure 10).

We attenuated the laser beam and the background through
neutral density filters, while background power density and
laser peak power were fed to the simulator as parameters.
We employed an APD produced by Excelitas (C30737LH-
500-80A-ND [24]), with 135 V bias and 500 um diameter.

The differences at low attenuations in Figure 9 and
Figure 10 are due to electronics partial saturation, whereas
small oscillation and ringing limit the minimum detectable
signal, thus causing an error for high attenuation values, as can
be seen in Figure 11.

We validated the SPAD modelling by comparing measured
and simulated background- and signal-photon rates, for a given
number (1000) of laser-pulse repetitions. Figure 12 shows the
good matching: the detection rate decrease over time is caused
by background photons pile-up, as described in Paragraph II.B.

We validated analog SiPM simulations and measurements
when employing a HAMAMATSU S13360-1350CS SiPM
(with 667 microcells, and 1.3 mm? total active area) TIA
with a 240 Q transimpedance, by comparing the output
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Fig. 11. Measured waveform at the transimpedance amplifier output for
the APD detector. Note the undershoots due to residual ringing.
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Fig. 12.  Measurements and simulations of SPAD time-of-flight his-
tograms, with no (top) and 1005 (bottom) attenuation of background and
laser signal. At no attenuation, about 3-10'7 ph/(s-nm-m2) background
photons and 3300 signal photons per pulse reached the detector on
average.

voltage standard deviation of background signal, the laser peak
intensity, and the mean output value due to the background
(since no high-pass filter was used, on purpose). Thanks
to the extremely high (1.7-10%) intrinsic gain of the SiPM,
the measured dynamic range spans from a single-photon up
to about 500 concurrent photons.

We fitted the simulation of the single photon response
shown in Figure 13, where the exponential decay due to time
constant and the peaked capacitive coupling [21] is clearly
visible. We also verified the gain of the tested device with
respect to the nominal value of the gain in the HAMAMATSU
S13360-1350CS datasheet [25].
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Fig. 13. Measured and simulated waveforms of the single-photon pulse
response of one SiPM under test, with the typical peaked capacitive
coupling (at 50 ns) and the exponential decay (about 40 ns time constant).
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Fig. 14. Measurements and simulations of the analog SiPM laser peak
amplitude versus signal attenuation, in dark conditions. At no attenuation,
about 3300 signal photons reached the detector.
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Fig. 15. Measurements and simulations of the analog SiPM average

background level versus attenuation, with a 1018 ph/(s-nm-m?2) back-
ground, corresponding to 22.5 klux.

Figure 14 shows the good matching between simulations
and measurements of the analog SiPM’s laser peak response.
For maximizing the detected signal, the SiPM was slightly
defocused, in order to spread the light spot across many
microcells. Then, in order to avoid SiPM self-heating, the laser
repetition rate was lowered to tens of kHz, instead of 2.5 MHz
as employed for the measurements of all other detectors.

Figure 15 shows the SiPM average background level: the
mismatch between simulations and measurements is due to
thermal drift caused by self-heating. In fact, each degree of
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Fig. 16. Measurements and simulations of the analog SiPM RMS noise
versus attenuation, witha 1018 ph/(s~nm~m2) background, corresponding
to 22.5 klux.
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Fig. 17.  Thermal drift of the TIA’s output voltage baseline (i.e. the

SiPM avera1ge photocurrent) due to self-heating of the detector, with
constant 108 ph/(s-nm-m?2) background.

temperature causes the breakdown to increase by 54 mV; with
high background (and consequently high-power dissipation
from the device), we estimated a loss of excess voltage of
about 1.5 V. = 2 V (30 °C + 40 °C above the ambient
temperature).

Since the die temperature could not be directly measured,
we also evaluated the gain loss by observing the single photon
amplitude versus temperature using a climate chamber to heat
the SiPM. The same considerations apply to the comparison
of RMS noise shown in Figure 16.

In order to further investigate the self-heating issue, we
measured the drift of the average TIA’s output voltage base-
line, with constant background, starting a dark acquisition
with the SiPM at room temperature. As shown in Figure 17,
a background of 10'® ph/(s:nm-m?), corresponding to 22.5
klux, causes a decrease in the output baseline from 1.3 V
down to 400 mV in about half a minute: this trend quan-
titatively explains the gain loss experienced in Figure 15
and Figure 16.

In order to check performance of a digital SiPM approach,
we employed a SPAD camera, set to provide only one single
photon detection per SPAD and per frame (i.e., per laser
pulse). For each frame, we selected an n x n array sub-set and
we checked the photons arrival time to find time-coincidence
of m concurrent photons (with m included between 2 to 5).
Then we repeated the acquisition in order to build a histogram
of coincident arrival-times, with various threshold, m, and
matrix size, n, to evaluate performance trends.
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Fig. 18. Color plot of an APD. The X axis is the background photon

rate impinging on the sensor, the Y axis is the number of signal photons
imping on the sensor. The color or each cell represent the success rate
per unit (P.U.) according to the color bar on the right. The magenta
line represents a success rate of 70%: the horizontal region at low
background is dominated by the intrinsic noise of electronics and APD,
while the oblique component is due to the light Poissonian noise.

Unfortunately, the employed SPAD camera, being able to
detect only one photon per SPAD per frame, cannot provide
the full benefits of a custom digital SiPM device, which
could detect more than one photon per frame. Moreover,
by employing only few TDCs that are triggered only when m
concurrent photons are detected can give a great improvement
in terms of chip complexity, power dissipation, and data
throughput. In fact, SPADs can be quenched and reset (after
a dead-time), so to be reused within the same frame to see
other photons, increasing in this way, the possibility to detect
multi-photon coincidences.

Table I summarizes the photodetectors’ parameters and the
used algorithms.

V. OPERATING AREAS AND NOMOGRAM

Once we validated the good matching between Matlab
simulations and experimental acquisitions (as shown in the
previous paragraph, where simulations and acquisitions were
compared by checking RMS noise values and signal peak
values), we were able to predict the outputs from each detector
even outside the limits set by the experimental setup, including
laser and background sources. The behavior outside the setup
limits will be fair because it consists of adding only more sig-
nal and background photons: increasing photons will increase
events according to statistics behavior and physics models.

The only difference with a real model is that the simulations
have no electrical saturation that however is good because
the saturation is different from system to system because it
depends on how it is designed. In a real LiDAR system,
we must evaluate case by case if the electronic saturation
is reached, this is strongly dependent on used components
and design choices. The intrinsic noise of the detectors can
be neglected because, in high background applications the
light’s “Poisson noise” is the main component. So, the nomo-
gram that will be presented in this paragraph can be used
as an estimation of the working point of a selected pho-
todetector. We simulated APDs, SPADs and SiPMs across
a wide operating range, from 0.1 up to 10° returning signal
photons and from 10'° ph/(s-nm-m?) (a very weak lamp) to

TABLE |
SUMMARY OF THE PHOTODETECTORS (APD [24], SPAD [9],
SIPM [25]) SPECIFICATIONS, PARAMETERS AND
ALGORITHM USED FOR THE SIMULATIONS

APD SPAD SiPM dSiPM
Bias 135V 30V 55V 30V
gDaeitnecmr 90 Digital output 1.7-10° Digital output
Exter.n.al ' TIA o TIA <
amplification
Number of 1 1 667 2x2and3x3
cells
Peak ) . . . . .
. § . Peak finderin | Peakfinderin | Peak finderin
Algorithm finder in histogram single shot histogram
single shot g g g

10?° ph/(s-nm-m?) (more than a summer full sunny day) back-
ground. Note that single-shot measurements were considered
for APDs and analog SiPMs multi-photon detectors; instead
1000-repetitions (with the same total energy of the single shot)
were considered for SPAD and digital SiPM single-photon
detectors, in order to build the TOF histogram.

Being interested in LiDAR ranging applications, we consid-
ered successful a test where a peak finder algorithm identified
the laser peak in the detector’s response waveform (i.e. the
TOF echo) within a 3 ns acceptance-window compared to the
set distance. In a real application, the peak finder algorithm
can be improved with a variable threshold algorithm, depen-
dent on the background mean value, this could reduce the
system timing performance (though with a 3 ns window, that
could be negligible). We computed the success ratio for each
detector typology and for each combination of background and
signal intensities over 20 simulation runs. Then, we plotted
these values in a two-dimensional color plot, like the one in
Figure 18 (made for a normalized APD with 100% QE).

However, detectors may have different size and fill factor: in
particular, our test setup comprised a 500 ¢m diameter APDs,
30 um diameter SPADs and a square SiPM with 1.3 mm
side. Therefore, each detector has different FOVs, preventing
the 2D color maps from providing a fair comparison among
the detectors (as the same background causes higher photon
flux in larger detectors). Also fill factor causes a similar issue,
since it attenuates both signal and background. Furthermore,
the number of microcells in a SiPM affects its dynamic
range and consequently its capability to be used with higher
background.

Eventually, for a fair comparison, we generated 2D maps
based on the photon rate over a normalized area and a
100% fill factor, considering a 667-microcell SiPM (as for
the Hamamatsu device we tested), and a 3 x 3 sub-array size
for the digital SiPM with a coincidence threshold of 2 pho-
tons. Figure 19 shows the normalized nomogram in these
conditions: the colored border lines are the boundaries where
the “success ratio” of the correct TOF acquisition is 70%.
Higher success is met moving toward upper- and left-most
working regions, i.e. at higher signal and lower background
levels; instead, lower-right regions represent conditions where
the detector is unable to measure the target distance with
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adequate reliability. As can be seen, the SiPM is able to
reach the required reliability with fewer photons and higher
background than the single-pixel SPAD. The worse SPAD
performance is due to the required repetition of measurements
(1000 considered so far), which causes a 1000x increase in
background (both ambient light and dark counts). The APD
can work at higher background levels but needs more signal
photons to properly detect a peak, even with no background,
because of the electronics readout noise. Finally, the digital
SiPM provides slightly better performance than the single
SPAD at high backgrounds (see Paragraph V.C).

Referring back to Eq. 1, it is important to highlight that,
once the optical parameters are fixed, the only free parameter
is the choice of detector size. For instance, in our simulation
we chose an F/1.7 optical system, 1° FOV, 20 nm width filter
and 100% target reflectivity. Having fixed these parameters,
and considered a fixed 4.44-10'® ph/(s-nm-m?) (i.e. 100 klux
at 670 nm) ambient light illuminating the 100% reflective
scene, the background photon rate is only proportional to the
detector active area: therefore, we can replace the horizontal
axis in Figure 19 with a new axis for the detector side size
(red axis). For instance, a 10!° ph/s background on the detector
corresponds to a 36 um side detector, as shown with the “A”
orange line.

The nomogram can also be used to estimate the laser power
required to achieve a desired success ratio (i.e. measurement
reliability), at a given sensor size and target distance. Since an
increased distance only affects the number of returning signal
photons and not the background (as long as the background
light is uniform across the whole scene), this corresponds to a
down-right shift of the blue 45°-slanted axis. The nomogram

in Figure 19 considers a fixed 100 m distance, for autonomous
driving scenarios. The axis is tilted by 45° because, for a given
number of emitted photons, the detector collects more photons
when the sensor size is increased (see Eq. 2). Hence, if detector
size is increased by a decade, the detector collects 100x more
photons, if other parameters stay unchanged.

For example, with the aforementioned optical system,
a 36 um square detector, with 4.44-10'® ph/(s-nm-m?) back-
ground, 20 nm filter width, 100% target reflectance at a
distance of 100 m operates along line “A”. Therein, we can
choose a SiPM with 667 cells or an APD, while other
detectors (SPAD and digital SiPM) are not able to operate
under these conditions. If we may use an 81 uJ laser pulse,
both SiPM and APD would be suitable sensors (see point
“B”), whereas with a laser energy reduced to 0.81 uJ the
APD becomes borderline (point “C”). Note, though, that a
24 um side SiPM with 667 microcells therein is unrealistic
(see paragraph V.B).

This has been used because we used a 667 cells SiPM
to compute the model. We also performed other simulations
with 4, 16, 64, 256, 1024 cells to provide the trend of the
improvement with the increasing number of cells: the results
will be shown in paragraph V.B. It is clear that is impossible
to have a SiPM of 24 um side, with 667 cells, but maybe it
can become an actual SiPM if efficiency and FF are lower:
for example a 1 ym? SiPM with a 100% FF will be similar
to a 60% FF 1.67 ,um2 SiPM; to recover the loss of efficiency
and/or FF a larger photodetector is needed. A possible way to
reduce the required illumination power is to increase sensor
size, for example to 2.4 mm (line “D”): however, only the
APD could reach a 70% success ratio (with at least 8.1 nJ



7030

IEEE SENSORS JOURNAL, VOL. 20, NO. 13, JULY 1, 2020

laser pulse energy, point “E”), whereas others fail because of
the very high background detection rate.

Instead, in order to employ SPADs and possibly in dense
arrays, it is necessary to reduce the sensor size (line “F”),
as this allows to effectively attenuate ambient background.
However, this also causes signal attenuation, thus forcing
to increase laser energy to 8.1 ml] (point “G”): with the
same background a smaller sensor collects fewer background
photons, but also fewer signal photons; therefore, the laser
energy must be increased in order to collect a proper number
of signal photons.

These numbers can be rescaled for operation at distances
different than 100 m: for instance, in case of short-range
operation within 10 m, the required energy is reduced by a
factor 100, thus reducing to 81 uJ pulse energy for point “G”.

Since real systems feature an overall efficiency lower than
100% and the detector also has less than 100% fill factor, the
nomogram must be modified accordingly. Both these parame-
ters cause a global attenuation of both background and signal,
corresponding to a left shift of the top horizontal red axis (as a
large sensor with attenuation can be considered equivalent to a
smaller sensor with 100% efficiency). For example, point “B”
in Figure 19 represent 100% detection efficiency, no optical
loss, 100% target reflectance, 24 um detector side (in order
to limit to 10'° ph/s the background rate). With realistic
specification, such as 70% detection efficiency, 80% optical
efficiency, 70% target reflectance, and still assuming 100 ph/s
background on the detector, the sensor size should be 38 um,
i.e. equal to a sensitive area increase of 1/(0.7 x 0.8x0.7).

A. Number of Repetitions for SPADs

In the previous nomogram, we considered 1000 acquisitions
to collect the time-of-flight histogram for SPAD and digital
SiPM detectors. In order to describe the relationship between
number of repetitions and success ratio, we created the nomo-
gram in Figure 20, where the vertical axis is the cumulated
number of impinging signal photons after all acquisitions. A
low repetition number causes the SPAD to detect just few
photons, failing if background increases just above 1 Mcps;
conversely, a higher repetition number causes an increased
minimum signal intensity to be required, but allows operation
even with higher background due to a better statistic in the
histogram. For the same amount of impinging photons across
n acquisitions, the SPAD sensitivity is spoiled when n is
increased at constant background.

This can be seen in Figure 20, where one photon is enough
at very low background for less than 10 repetitions, while
4 photons are needed up to about 1000 repetitions, and 6 pho-
tons at least are required for more than 10,000 repetitions.

For example, with 10* arrival signal photons, the maximum
background is about 2-10° ph/s when just one laser shot is
used; instead, using 100 repetitions allows for a stronger back-
ground in the order of 107 ph/s, whereas with 1000 repetitions
the maximum background is increased up to almost 3-107 ph/s.

B. Number of Cells for an Analog SiPM

For both analog and digital SiPMs, changing the number
of microcells (at same total area) strongly impacts operating
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sensor.

conditions. Higher number of microcells allows to operate
the analog SiPM with stronger background, thus theoretically
reaching APD performance, while losing the capability of
detecting one single-photon because of limited dynamic range,
e.g. with 1024 cells and an output dynamic range of 3 V each
single photon event will be less than 3 mV high, so a single
photon event can be covered by the electronic noise.

Figure 21 shows the nomogram trend for an analog SiPM
with increasing number of microcells, without considering
that the maximum density of microcells is actually dictated
by physical constraints. Figure 19 can be used to have a
reference between the sensor size and the background photon
rate; using the same optical parameters as in paragraph V we
can associate to 10* ph/s a size of 24 nm and so on for the
other backgrounds.

C. Number of Concurrent Photons for a Digital SiPM

For a digital SiPM, an increased number of microcells does
not directly lead to a higher success ratio at high background,
as the sensor performance is also limited by SPAD dead-time
and the photon threshold. In order to reach good performance
with both low and high background levels, a variable threshold
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on the number of concurrent photons, i.e. triggered microcells,
is mandatory. Figure 22 shows the effect of changing such
a threshold for a given number of microcells in the digital
SiPM, having fixed the repetition number to 1000. As can
be seen, an increase in threshold allows the sensor to better
sustain high background but worsens its sensitivity at low
signal levels. For example, with threshold set to one photon,
single-photon sensitivity is achieved at the expense of a low
maximum allowed background (about 2-107 ph/s); instead, if
the threshold is increased for instance to two photons, high
background flux capability is improved (up to 103 ph/s) at
the expense of a worse sensitivity, forcing an increase in the
emitted signal power.

When the threshold is higher than one photon, the possi-
bility to rearm the SPAD to detect more than just one photon
in each laser repetition assumes an important role, as it gives
the possibility to effectively reject early background photons
by rearming each SPAD (20 ns of holdoff time) if the photon
threshold is not reached. For instance, in a pixel composed by
4 SPADs and threshold equal to 3 photons, if two SPADs get
triggered by early background photons there is no possibility
to detect a signal event, unless the capability to rearm each
SPAD after a photon detection is implemented.

The saturation shown in Figure 22 is due to both the holdoff
time and to the number of cells. The reduction of holdoff can
be very challenging, but will shift the saturation toward the
right. Therefore, increasing the number of cells with the same
area can be “easier” and theoretically can shift the saturation
to the right. Note that a different number of cells for the same
threshold value gives different results.

VI. CONCLUSIONS

Our work aimed at defining a nomogram allowing end-users
to select the most suitable detector for the desired time-of-
flight based LiDAR application, given laser energy budget,
background ambient light, and technology limitations (e.g.
detector performance). To this purpose, we compared the
performance achievable by four different sensor topologies
(namely APDs, SPADs analog SiPMs and digital SiPMs),

operated either in analog or digital mode, capable of detecting
single-photons or even resolve the number of photodetections,
in presence of strong ambient background. To perform a fair
comparison, we implemented Matlab simulations for each
detector and we compared them with experimental acquisi-
tions. Once validated, we employed the modelling to construct
a nomogram able to give information about the best-suited
detector in the desired operating condition.

From these results, we discussed how the SPAD single-
photon sensitivity is impaired by its count-rate limitations and
pile-up effect, and how to trade-off between sensor size and
laser pulse energy. Conversely, APDs can be used with high
background intensities, if large enough sensors are exploited,
but their integration into large arrays may be problematic.

Eventually, provided that a sufficiently high number of
microcells is available, SiPMs may be suitable for high
background applications as they sit between SPADs and APDs
performance both at very low signal intensities (if the back-
ground light is sufficiently weak) and at high background
levels without saturation (even though they would require
higher laser energy compared to APDs).
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