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Abstract

Time correlated single photon counting (TCSPC) is a technique used in many applications
such as light detection and ranging, quantum key distribution, medical imaging and more. One
inherent problem of this technique is the 10% limit on the detector count rate to avoid distortion
in measurements caused by the pile up effect. Essentially, when a conventional single photon
avalanche photodiode (SPAD) detects a photon, it is unable to see another photon until its
deadtime completes, which gives rise to early photons having a higher probability of detection

if the probability of detecting a photon is too high.

Photon number resolving detectors offer an alternative to SPAD and be thought of as a two
dimensional array of passively quenched SPADs with the outputs summed together. Such
detectors offer photon number resolving capabilities (the output pulse amplitude is
proportional to the number of incident photons) as each photon will land in a different place in
the two-dimensional array. This comes at the expense of increased noise, as the dark count
of all detectors will be present on the output in addition to other problems such as optical cross
talk.

This might preclude such detectors from quantum experiments, but such detectors could offer
significant advantages in LiDAR systems, where extended dynamic range and photon number
resolving capabilities could increase the acquisition rate by collecting more light and by

allowing such systems to operate at higher mean photon levels.

In this work silicon photomultipliers are characterised for their number resolving capabilities
and used in photon counting. The SiPMs are shown to have capable single photon sensitivity
and can resolve the photon number. Subsequently, a novel real-time instrument has been
developed to acquire data. Finally, a comparison has been made between SiPM and SPAD
LiDAR, showing that SiPMs can retrieve more photons per excitation pulse and offer greater

dynamic range.
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1.0 Introduction

1.1 Background

Time correlated single photon counting (TCSPC) is a widely used technique to statistically
measure optical waveforms in applications including those of light detection and ranging (LiDAR),
fluorescent lifetime imaging (FLIM), quantum key distribution (QKD), and diffuse optical
tomography (DOT). Due to its nature being a statistical measurement, TCSPC requires recording
many events before the measurement can be deemed statistically valid. Traditionally any detector
capable of detecting a single photon can be used with TCSPC with the single photon avalanche

diode (SPAD) being an especially popular choice.

In recent years, detector arrays based off SPAD technology called silicon photomultipliers
(SiPMs) have started to be used more widely especially in applications of FLIM. These detectors
consist of a passively summed SPAD array and due to this structure, they are capable of photon
number resolving. They provide information on both the time of arrival and the number of photons
in an event. The concept of TCSPC provides limitations on the number of photons able to be
detected within a single excitation pulse due to dead time limitations of single photon detectors.
However, for an array-based photon number resolving detector such as the SiPM, dead time
effects are less apparent, as each incident photon is likely to land on a different part of the array,
which is not currently recovering from a break down. Modifications to the TCSPC technique are
presented to take advantage of photon number resolving detectors, resulting in the time
correlated photon counting (TCPC) technique, which overcomes the limitations posed by

traditional SPAD based setups.

The aim of this thesis is to experimentally verify whether there is a benefit in using TCPC with a

photon number resolving detector over traditional TCSPC.

1.2 Structure of the thesis

Chapter 2 provides a review of the fundamental concepts relating to the work undertaken in this
thesis. Firstly, an overview of time to digital converters (TDCs) is given along with methods for

implementing and characterising TDCs. TDCs form the basis of most modern-day photon
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counting instruments [1-3] and are used to timestamp when a photon arrives. The concept of time
correlated single photon counting is reviewed along with the issues with the technique and
mitigation methods. From this, a comparative overview of single photon detectors is provided with
a focus on performance metrics. Finally, an introduction into various light detection and ranging
(LIDAR) systems is provided as it was the original target of this work, to exploit photon number

resolving detectors to increase the acquisition speed of LIiDAR systems.

Chapter 3 explores the work undertaken to characterise an onsemi MicroRB-10035 SiPM at a
range of overvoltages to provide an insight into its photon number resolving capabilities. Details
of the hardware developed for this task are given. The noise in the detector has been
characterised along with its performance in TCSPC when used with varying levels of light. Finally,
the amplitudes of the SiPM pulses are analysed for use in multi photon detection. The impact of
filtering the detector’s output is also analysed to ensure that multi photon events can be easily

resolved.

Chapter 4 details the development of a novel real time TCPC system for photon counting
applications using photon number resolving detectors. The instrument is implemented on a field
programmable gate array (FPGA) with additional circuitry used for the quantisation of the input
signal’'s amplitude. A performance review of the system is given along with an initial experimental

comparison between TCSPC and TCPC when using a SiPM with the instrument.

In chapter 5 an experimental comparison between SiPMs and SPADs is provided in applications
of photon counting LiDAR. The results of the comparison between the TCPC measurements with
the SiPM and TCSPC with the SPAD and the SiPM are presented, analysed, and discussed.

2
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2.0 Literature review and technical background

2.1 Time-to-digital converters

Time to digital converters (TDCs) are instruments used to measure the time difference between
events, typically the rising edges of signals denoted as START and STOP. They are used in
several applications, including those of time correlated single photon counting (TCSPC) [4, 5],
Quantum key distribution (QKD) [6-8], Light Detection and Ranging (LiDAR) [9], Positron
Emission Tomography (PET) [10, 11], Digitals Phase Locked Loops (PLLs) [12] and
Fluorescence Lifetime Imaging Microscopy (FLIM) [13, 14].

2.1.1 Implementation options

One of the first things to consider when designing a time-to-digital converter is the architecture to
be used for implementation. While various methods for measuring time in a digital circuit exist,
they each come with their own advantages and disadvantages in terms of cost, precision, and
design flexibility. The goals of this research require a TDC with a time resolution in the picosecond
(ps) range at a suitable cost with a short turnaround time. In addition to this, the implementation
choice needs to be user programmable, to allow for signal processing etc to be undertaken in

hardware. Taking this into consideration, the following options of implementation are presented:

e Complex Programmable Logic Device (CPLD): A low-cost type of field
programmable logic device that is constructed of AND/OR gates [15]. They are
configurable and suited for time-critical applications. However, they possess a low
capacity of logic resources which would not serve the requirements of this work.

o Field Programmable Gate Array (FPGA): FPGAs were chosen as the
implementation option for the TDC in this work. They offer a considerable upgrade
over CPLDs in terms of the number of resources they have while still offering a
relatively low cost. A more in-depth overview of FPGAs and their use for
implementing TDCs are detailed further on in this section.

e Application Specific Integrated Circuit (ASIC): ASICs offer the best potential
performance as there is a greater amount of control over a logic design. However,

they are costly to design and manufacture with considerable turnaround times.
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Because of this, ASICs are deemed not suitable for this work and not discussed

any further.

FPGAs are programmable logic devices consisting of a two-dimensional array of interconnected
user-programmable logic blocks and I/O circuitry. These logic blocks can route signals to any
other logic block or 1/O circuitry using switch matrices placed adjacent to each block. Inside each
logic block is two slices, with each slice containing four Look-Up Table(s) (LUT), eight flip-flops
and a carry chain connected through multiplexers and XOR gates. The carry chain is normally
used for arithmetic circuits, and it provides a vertical signal path going through all slices in a
particular column. FPGA-based TDCs in the literature typically make use of the carry chain in

their implementation, treating them as non-inverting buffers (discussed further in section 2.1.3.2).

2.1.2 Time to amplitude conversion

Traditionally, a combination of analogue and digital circuitry has been used to implement precise
time to digital conversion, with two methods being prevalent [16]. The first of these methods is

the time expansion or time amplification technique [16-19] shown in Figure 1.

+Vee
SR LATCH
START o ,&4’_| W
= e
& +

Figure 1 Time expansion TDC

4
M. Sadik, PhD, Thesis, Aston University, 2023



During the time interval T = Tsrarr — Tsrop, @ capacitor C is charged using a constant current
source I; as the current is drained by a much smaller constant current sink I, such that I, < I;.
This method stretches out the discharging time of the capacitor by T,. = TK, where the stretching

factor K is defined as

L -1
K="2 (2.1)
I

A comparator then enables a simple counter for the duration of T + T,. which provides an effective
resolution of LSB = T, /(K + 1) with T, being the period of the counter. With a count number of n,

the time difference can then be calculated as AT =n-Ty/(K + 1).

A different method for time resolution using a mix of digital and analogue circuitry is the time-to-
voltage conversion or time-to-amplitude conversion (TAC) [20, 21]. In this method, the time is first
converted into voltage in the capacitor by linearly charging it with a constant current source for
the time AT = Tgrarr — TsTop- The voltage is then held until an analogue to digital converter (ADC)
can be used to read the voltage across the capacitor. A simplified diagram depicting a TAC can

be seen in Figure 2.

+Vee

SR LATCH

START < a 4’_| SW

STOP a U /—
Digital
* ™, ADC :ﬁ Code

— (%

RESET

Figure 2: Time to amplitude converter simplified circuit
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The voltage across the capacitor, in this case, is proportional to the time interval as defined by:
V= ! I 2.2)
=z (2.

2.1.3 Digital time measurement

The work conducted in this thesis makes use of FPGA-based TDCs, due to their flexibility and
relative speed of development in comparison to custom analogue circuits. Therefore, the focus

will be given to methods of digital time measurement/TDC implementations using FPGAs.

2.1.3.1 Counter

The simplest way of measuring time in a digital circuit consists of a counter that counts the number
of clock cycles between 2 events happening. This method is limited by the clock speed of the
measurement device as it only registers events that occur after a clock pulse in the next clock
cycle. The measurement uncertainty for such a system is equal to +T;.x [22]. To increase the
time resolution of a TDC using the counter method would require increasing the clock speed of

the system. Another way is to use a separate counter that is clocked on the opposite edge of the
clock giving a measurement uncertainty of +1 TC% For example, in a counter based TDC, a clock

speed of 1GHz gives a time resolution, meaning the smallest change in the time it can detect, of
1ns. Whereas a dual counter based TDC with the same clock speed would achieve a resolution
of 500ps.

2.1.3.2 Delay-line based time to digital converters

A commonly used method for making TDCs on an FPGA is the delay line method [23-30]. In this
method, a chain of non-inverting buffers with fixed propagation delays is used in the signal path
to provide a delayed input to flip flops. An example of this is shown in Figure 3, where the input
passes through the chain of buffers into the respective D input of a D-type flip flop for the

corresponding sampling bin, with the clock being distributed to all the flip flops at the same time.

6
M. Sadik, PhD, Thesis, Aston University, 2023



CLK
JTLIL ¢ ¢
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Figure 3: Diagram of Single delay line TDC showing the buffers used as delay elements on the input

INPUT | |
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] [ 1D Q e L [»] 1D Q

signal before each sampling bin

At each sampling bin, the input is delayed by B x Tz where Tj5 is the buffer delay and B is the
bin number. For the delay line to cover the clock period T ¢,k the number of sampling bins required
is N > T¢x/Tpg- The outputs of the flip flops in each clock cycle are used as a N-bit vector,
commonly known as thermometer code [30], to determine the rising edge transition of the input
with respect to the sampling clock edge. This bit vector is normally passed through a priority

encoder to encode the transition position in a vector of size log,(N) bits rather than N bits.

In FPGA fabric, the carry chain is often used as the non-inverting buffers in the delay line [31, 32]
with resolutions as low as 10 ps being possible [33]. However, the carry chain comes with its own
problems as it introduces non-linearities in the delay line [33]. This is caused by “ultra-wide bins”,
where the propagation delay between the carry chain elements within SLICES of the FPGA is
much shorter than the propagation delay between SLICES. Each SLICE in an Artix 7 FPGA has
4 carry chain elements that can be used for the delay line. The impact of these can be partially
mitigated by using methods such as averaging (section 2.1.6.1) or wave union (section 2.1.6.2)

to improve the linearity.

2.1.3.3 Vernier delay lines

Vernier delay lines use a technique which is like that of single delay lines where the input goes to
a chain of flip flops through a series of non-inverting buffers. However, to achieve resolutions
smaller than that of the buffer delay T,z, vernier delay lines introduce a series of buffers on the

clock signal as well, which puts a delay of Tz in the clock path where Tpp > T;p [16, 34]. An
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example of this is shown in Figure 4. The resolution of this system is now determined by Tggs =

Tpg — Tcp. Because of this, the number of sampling bins required to cover the clock period also

. . . T,
increases and is now determined by N = —%—
Tpp-Tce
INFUT | |
b |T33 L 4 |T33 L Tog ——mmemmmememeee —_
1D Q— LNy ] a— D al—y D al
— o — | —P g i
R R R R
T T T T
|Tm __________ ./

CLK |'|' |'|'
cg L cg L 5
JLIL F | |
BIN O BIN 1 BIN 2

Figure 4: Diagram of Vernier Delay Line TDC showing the buffers used as delay elements for both the

input signal and clock signal before each sampling bin where Tcg > Tps

This means the number of resources required to implement a vernier delay line are also greater.
In a FPGA the size of the buffer delays is difficult to control [35], this along with the impact on
resolution due to routing delays introduced by the FPGA make implementing a vernier delay line
on a FPGA difficult.

2.1.3.4 Vernier oscillators

Vernier oscillators utilise the same principle as vernier delay lines, however, to mitigate the large
resource requirement of the vernier delay line, vernier oscillators use two controllable oscillators
with close but dissimilar frequencies F; and F, where F; < F, [16, 36]. The resolution is
determined by Trzs =T — T, where T; = F{'! and T, = F; 1. A simplified example of a vernier

oscillator system is shown in Figure 5.
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SR LATCH
Oscillator F4 COUNTER 1
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® COINCIDENCE
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Oscillator Fz COUNTER 2
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Figure 5: Diagram of Vernier Oscillator TDC structure showing two SR latches that enable/disable
oscillators controlled by the START and STOP signals with F1 < F2. The oscillators drive separate
counters to measure the time for each signal with the latches being reset by a coincidence counter
looking for coincidences in the positive going clock edges of the oscillators. Once the SR latch is reset
and the oscillators are disabled, the counter values are read out and converted in to the AT of the

measurement.

The START and STOP inputs are routed to SR latches whose outputs turn the oscillators on and
off. The oscillator outputs when turned on drive counters C; and C,, enabling them to increment
at rates of F; and F, respectively. The two oscillator outputs also go into a coincidence detector
that looks for coincidences in the positive going clock edges. At some point after the STOP pulse
has arrived, a coincidence between rising edges will be found, which resets the SR latches, which
in turn stops the oscillators and the counters. At this point the time difference can be calculated

as per:

AT =(C,—1)' Ty — (C,— 1) T, (2.3)

While a vernier oscillator based TDC can be implemented in a FPGA and achieve small
resolutions, this comes at the cost of a long dead time with [37] reporting a resolution of 1.58ps
with a dead time of 598ns. Despite offering good resolution, the dead time is the key problem
with vernier oscillator based TDCs as it is a digital time expansion technique. A dead time of
598ns would limit the usable count rate to 1.67 MHz, assuming all input edges land in subsequent

measurement cycles.
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2.1.3.5 Nutt Interpolation

Interpolation is commonly used in high time resolution TDCs to increase their measurement
range. Nutt interpolation, which was first mentioned in [38], does this by combining a coarse
counter driven by the reference clock with a fine time digitizer such as a delay line that covers the
system’s clock or longer. A simplified diagram showing how Nutt interpolation works is shown in
Figure 6. When an input arrives on the START channel, a fine time digitizer is used to measure
the time Ty 4 Of the input with respect to the next rising edge of the system clock and at the

same time, a counter driven by the system clock is started.

START O—@—— Fine time digitizer

5 Q
1 EN Coarse AT

counter

STOP O——@—— Fine time digitizer

Figure 6: Block diagram of Nutt Interpolator showing the fine time digitizers on the inputs that can
measure times smaller than the system clock being used to measure the time of the input with respect to
the next rising edge of the system clock and a coarse counter driven by the system clock that is used to

increase the measurement range.

When an input on the STOP channel arrives another fine time digitizer is used to measure the
time Tsrop With respect to the next rising edge of the system clock and the counter is stopped.
The coarse time Tgp4rse IS €qual to the product of the resultant counter value and system period
Tcx- Once the outputs of the fine time digitizers and the coarse counter are known, the time
difference between START and STOP can be calculated from:

AT = Tspapr + Tcoarse — Tstop (2.4)
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The maijority of FPGA delay line based TDCs make use of coarse (clock counter) and fine time
(delay line) interpolation to combine the resolution of the delay line with the measurement range
of a counter [28, 29, 39].

2.1.4 Time to digital converter performance metrics

To properly determine the resolution, accuracy, and linearity of a TDC, several metrics of the
TDC must first be characterised. These metrics along with their uses are detailed in the following

sections.

2.1.4.1 Accuracy, Resolution, offset error, and gain error

The resolution of a TDC is the smallest change in time that a TDC can detect and is dependent
on the architecture of the TDC used. The accuracy of a TDC is defined as the difference between
the measured value from the actual value. Offset error in a TDC refers to the shifting of the
transfer function. Gain error is defined as the full scale error minus the offset error [40] as shown
in Figure 7. The full scale here is measured at the last TDC bin on the transfer function curve and

compared against the ideal transfer function.

Full Scale error

Digital ,
Code 1 )
/ Gain ermor
Measured g
transfer
function s

-‘_/
i \ |deal

fransfer
function
Offset
cormected
Offset _}I
Error #
Time (5)

Figure 7: Diagram showing offset, gain and full scale error from the ideal transfer function
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2.1.4.2 Single-Shot Precision

Single-shot precision (SSP) is defined as the standard deviation of the measurement results when
measuring a constant time interval [14] and gives an insight into the TDCs capability to accurately
time stamp any input. To determine the SSP of a TDC, an autocorrelation can be performed
where an input signal is presented to both the START and STOP inputs of the TDC via a power

splitter to match impedances. The full width at half maximum (FWHM) of the resultant gaussian
distribution is directly proportional to the SSP of the TDC such that FWHM = 2v/2In2 -0 or
FWHM = ~2.35-¢. In the literature, the SSP may be quoted in terms of either standard deviation
or FWHM.

2.1.4.3 Differential non-linearity

Differential non-linearity (DNL) and integral non-linearity (INL) are quantitative measurements of
a converter’s linearity [41-43] with respect to ideal and are also known as dynamic converter
errors, as the error is not constant across the converter’s transfer function. Linearity errors can
lead to distortion in the measurement results of a converter and therefore should be kept to a
minimum. DNL is the measurement of the deviation of a converter’s bin size for a particular bin
from the ideal bin width, Tiss. The DNL of a particular bin i can be calculated from the measured

bin width Ty as in:

Tp(i)

LSB

DNL(Q) =

1 (2.5)

2.1.4.4 Integral non-linearity

INL is the deviation of a converter’s actual transfer function from ideal. The ideal transfer function
should be a linear line. The INL represents the bin specific deviation from this ideal line where

the non-linearity of bin i is the sum of all previous DNL errors as shown in:

INL(G) = Y DNL(k) (2.6)
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2.1.5 Delay line calibration

2.1.5.1 Direct calibration

One approach to delay line based TDC calibration involves using a variable precision delay
generator to iteratively characterise the bin widths in the delay line. The variable delay generator
must have a resolution smaller than that of the least expected bin size for this method to be viable
as well as be able to cover a range greater than that of the clock period T; k. A signal that is
phase referenced to the system clock and slow enough to be used as an input to the TDC can
be generated from a counter. This signal can then be passed through to the input of the variable
precision delay generator and from there to the input of the TDC. Once the system is setup the
calibration process can begin. First the variable delay is slowly increased until a transition to the
next bin occurs, then the bin width is found by taking the difference between the time of the
transition to the next bin and the starting point. This process is repeated until the entire delay line
has been characterised, at which point the measured bin widths can be used to calculate the
linearity errors of the TDC. This approach to delay line characterisation may prove to be difficult
with a high resolution TDC as variable delay generators are limited in their resolution and a costly
addition to the system. In addition to this, signal jitter will also make finding the precise bin
boundaries more difficult, although a statistical approach could be taken. For a high resolution
TDC a statistical method of characterisation as discussed in the following section may be more

suitable.

2.1.5.2 Statistical code density testing

Statistical code density testing (SCDT) is a method used to characterise the linearity of a
converter with high precision using statistical analysis. Although originally used as a means of
characterising the linearity of ADCs [44], SCDT has since been adapted to be used to calibrate
and characterise digital delay line based TDCs [35, 45].

The SCDT is performed assuming that all the bins in the converter are ideal and have an equal
bin width of T, x + N, where N is the number of bins and Tk is the clock period. An independent
clock source is presented to the input of the converter with a frequency F,,4; that is asynchronous

to the system clock. In an ideal converter every bin is expected to have an equal likelihood of
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experiencing a bin hit, hence a histogram of the resultant bins should ideally be a uniform
distribution. However, in non-ideal conditions, larger bins are more likely to experience a hit and
therefore will appear more often in resultant histograms. The bin width of bin i is directly
proportional to the bin count in the resultant histogram as shown in equation (2.7) where W (i) is
the bin width in seconds, H(i) is the bin count in the histogram, and Y is the total number of hits
used in the histogram.

H(l) ’ TCLK

W) = v

2.7)

The measured bin widths can then be used to calculate the DNL and INL of the converter
as shown in section (2.1.4). Because SCDT is a statistical measurement a minimum number of
hits are required for the result to be statistically valid. In [46] the author derives the following

equation to determine the number of bin hits required for a certain tolerance to be:

2

Za
Y > (f) S(N-1) (2.8)

where z,, is the area under the standard normal distribution curve of a/2, g is the tolerance and

N is the total number of bins in the converter.

2.1.6 Field programmable gate array delay line time to digital converter

improvement techniques

2.1.6.1 Averaging

One way to improve a TDC’s precision without affecting dead time is the averaging method. The
averaging TDC makes use of multiple delay lines running in parallel with the input signal going to
the input of all the delay lines [47, 48]. Their outputs are then calibrated and averaged in post
processing to give the result. Using this method there is a noticeable improvement in resolution

and precision of the TDC over a single delay line based TDC. Improvement will be proportional

to /N, with N being the number of delay lines used.

Code density calibration is used to determine each delay line’s transfer function such that a

specific hit can be converted into a time of B(m, i) = T(m,i), where B is the bin for a particular
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delay line i and T is the time for the particular bin of delay line i. Each calibration lookup table for
the delay lines also contains an offset for each delay line which is added during the calibration
stage. This is done to mitigate the relative delay shifts between the delay lines. The offset is

obtained with respect to delay line 0 by applying a series of random pulses to the converter.

While the averaging method provides a noticeable improvement in the TDC performance it tends
to be resource heavy and therefore may not be a viable option for many applications. Each delay
line used for the averaging TDC can be thought of as an independent TDC and therefore instead
of one TDC with improved performance it may be more appropriate to implement a TDC with
multiple channels with the same basic performance of a single delay line. Despite the advantages,
this method is not FPGA resource efficient and using the technique will limit the number of timing
channels that could be fitted within an FPGA.

2.1.6.2 Wave union

The wave union method is a technique used to improve the resolution and linearity of delay line
based TDCs that are implemented on FPGAs. Fundamentally, it operates by performing multiple
measurements on an input rising edge in a singular delay line. On FPGAs, there is no way to
control the delay propagation presented by the delay buffers used which means that each buffer
will have a different delay time due to process, voltage, and temperature (PVT) differences. In
addition to this, carry chain based TDCs on FPGAs also suffer from a phenomenon known as
ultra-wide bins where the propagation delay between slices is far greater than the propagation
delays within the slice. The wave union approach initially introduced in [33] consists of two
separate methods both aiming to improve the performance of the FPGA delay line with different

trade-offs. The two methods are outlined below.

Method A

The wave union method A presents a pattern of multiple edges into the carry chain delay line.
This is achieved by storing three rising edge transitions prior to running the delay line and then
waiting for the rising edge of the input to trigger the stored transitions to propagate through the
delay line. In a conventional delay line, the edge position is used to determine the time of the
input pulse relative to the clock edge, however, in the wave union method A two edge positions

are generated which are then summed together. The pattern being propagated is designed such
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that the separation between the edges is greater than that of the ultra-wide bins. With this the
ultra-wide bins are sub divided and the linearity of the converter is improved as the two rising
edges of the pattern are unlikely to both land on ultra-wide bins at the same time. A code density
calibration can then be done to convert the summed bin codes into time. The original author
demonstrates an improvement in the linearity, resolution and SSP using this method. The linearity
is improved from 1.75 to 1.17, the resolution improved from 60ps to 30ps, and the SSP went from

40ps to 25ps RMS. This method increases the dead time of the TDC by one clock cycle.

Method B

Method B provides further performance improvements over method A but at the cost of an
increased dead time. The pattern launcher from method A is replaced with a controllable ring
oscillator which is controlled by the input signal. This gives the ring oscillators output a phase
relationship with the input, which is essential to determine the timing information. The ring
oscillator is designed such that it oscillates at a frequency slightly greater than that of clock period.
An N¢4p number of edge transitions are captured within each successive clock cycle where each
cycle contains a single rising edge transition produced by the ring oscillator [49]. The original
author demonstrated an improvement of the SSP from 40ps to 10ps using method B with N¢4p =
16, as well as presenting an effective bin width of 2.44ps. However, the dead time was increased

from 2.5ns of a plain carry chain TDC to 45ns when using the wave union method B.

2.1.6.3 Equivalent coding line

The equivalent coding line (ECL) is another method of combining multiple delay lines inside an
FPGA to improve the performance using post processing [50, 51]. Multiple delay lines are created
inside an FPGA and characterised. Their characterisation transfer functions are then used to
acquire the bin widths in the clock period Tcik and are denoted as W, (i) to Wy, (i), with M being
the number of delay lines being used. Although created equally, each delay line built using the
FPGA carry chain can be considered independent from the other lines. This is due to PVT

variations creating inherent differences within the FPGA fabric.
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Figure 8: Diagram of Equivalent coding line delay line concept showing the boundaries of multiple delay

lines being used to form a single delay line with smaller bin widths

The ECL aims to use these variations in the delay lines to form a single delay line. In Figure 8 an
example of an ECL is shown formed of two delay lines. The boundaries of the two delay lines are
used to make up the ECL where the bins are addressed relative to the bin codes of the two delay
lines. In a delay line, knowing the bin widths, the time of a bin hit relative to the previous clock
edge can be calculated by summing the current bin width W,, and the width of all the previous

bins as seen in:

i
To(Ba) = ) Wiy (K) 2.9)
k=1
Given the two bin addresses B1and By, the time recorded by the ECL can be calculated by:

Wg(By,B2) =p.Ti(By) + (1 — p).TL(B,) (2.10)

Where p is equal to 1 if the time measured by the first delay line is less than or equal to that of

the second, otherwise it is equal to O.

B, B
p=1Iif W) < Y W) (2.11)
k=1 =1

elsep=0

The total number of bins in the ECL is determined by N; = N; + N, — 1.
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2.2 Time correlated single photon counting

2.2.1 Introduction

Time correlated single photon counting (TCSPC) is a measurement technique used to record
optical waveforms with high accuracy by using repetitive measurements [14]. It is used in
applications of photon counting light detection and ranging (LIDAR) [52], diffuse optical
tomography (DOT) [53, 54] and fluorescent lifetime imaging microscopy (FLIM) [55, 56]. TCSPC
uses time measurements between a single photon detector periodically illuminated by a laser and
the laser reference signal to build a histogram of photon distribution which represents the optical
waveform being measured. This section details various TCSPC schemes used for

measurements.

2.2.2 Single start single stop

The classic approach to TCSPC known as the single-start single-stop or forward mode [5] is
where the time difference is measured between two signals START and STOP as shown in Figure
9. Traditionally, the STOP channel is the single photon detector with the START channel being
the reference signal from the laser driver. For any START tag i, the time difference to the

subsequent STOP tag is utilised as in:

AT (i) = Tsrop — TSTART(i) (2.12)

The time differences are then histogrammed with the process being repeated millions of times
until a histogram that sufficiently represents the system IRF is obtained. Note that in forward

mode TCSPC, typically only one STOP can be measured per measurement cycle.
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Figure 9: TCSPC measurement setup

One drawback of this method is the limitation to the acquisition rate, caused by the pile-up effect
[67-59]. This problem comes from the fact that the single photon detectors typically used
experience a dead time, where upon successfully detecting a photon, the detector will be unable
to detect subsequent photons until the dead time ends, with typical detectors such as the iD100
experiencing a dead time of around 20ns [60]. If the light intensity (or mean number of photons
per excitation cycle) is too high, it is possible for there to be more unrecorded photons within the
signal period which would be lost causing a distortion in the measured optical waveform.
Therefore, to mitigate pile-up and ensure the entire optical waveform is randomly sampled, the
photon detection rate is reduced to be a percentage of the excitation pulse rate, normally around
10% [57, 61]. This lowers the photon detection probability, meaning for every ten START pulses

there may only be 1 STOP pulse or successfully detected photon.

The deadtime of the TCSPC system in forward mode depends on the excitation rate of the laser.
If a START pulse arrives before the TDC of the START channel has reset, then that entire START
period may be skipped with any photons arriving within this period not being counted. To avoid
this issue, many systems opt to run in reverse mode [62], where the START and STOP inputs
are swapped. With this configuration the time differences are measured between the detector
STOP pulses to the subsequent laser START pulse. This allows for the system to be run at higher
rates due to the TDC not needing to reset for every START event, hence, lowering the impact of

the dead time on the system.
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Figure 10: Forward mode Single start single stop TCSPC — note the number of stop pulses is

exaggerated here for showing delta measurements.

2.2.3 Single start multi stop

The classic single-start single-stop system can be further expanded upon to include multiple stop
measurements, forming a single-start multi-stop TCSPC system. In this approach multiple stop
events following a single start event are recorded and the time between each of the events and
the start event are measured and added to the histogram [63]. For any START tag i, the time

difference to the subsequent STOP tags is calculated by:

AT (A, ) = Tsrop () — Tsrarr (D) (2.13)

Where j is an integer representing the STOP tag being used. The multi-stop approach has higher
efficiency over the single START approach in applications where a low repetition rate is used as

more information can be added to the histogram per START event.

2.2.4 Impact of the pulsed light source

The measured response of a single photon detector (SPD) is usually a convolution of the light
source and the response of the SPD [59, 64]. Therefore, to accurately measure the response of
an SPD, the laser used should emit pulses of width shorter than the IRF of the SPD so as not to
distort (or in most cases, widen) the measurement. In other terms, if the optical pulse of the laser
is longer than the IRF of the detector then the resultant measurement will be a measurement of

the optical pulse’s shape, rather than the IRF or jitter of the detector.
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2.4 Single photon detectors

2.4.1 Introduction

Single photon detectors are devices which are sensitive to single photons and generate a pulse
for a detected photon. They typically possess good time resolution making them useful for a
variety of applications [65, 66]. Single photon detectors typically have a particular set of metrics

as follows:

e Dark count rate: The number of detector output pulses when no incident light is present,
this is caused by thermally generated noise.

o Dead-time: The time it takes until another photon can be detected after a successful
detection.

e Photon Detection Efficiency (PDE): The efficiency of the detector defined as the ratio of
the detector count rate to the number of incident photons.

¢ Instrument Response Function (IRF): Each detector will exhibit a certain amount of time
noise or jitter from when an incident photon arrives at the detector to when the output
pulse is generated. The width of the distribution of incident photon to output pulse
generation (commonly referred to as IRF for detectors) is commonly given as the standard
deviation of the distribution o or the full width half maximum (FWHM). Hence, smaller
distributions indicate a detector is introducing less jitter into the system.

o After pulsing probability: The probability that a detected incident photon will cause a
secondary delayed event.

o Optical cross talk probability (for silicon photomultipliers and similar detector arrays):
When an incident photon causes a detection in a microcell, light is produced during the
breakdown [67]. For an array-based detector such as a SIPM, the light created during
detection can cause another microcell in the array to produce a time correlated false
output pulse [45, 68].

e Vbias / operating point above breakdown: The breakdown voltage is the voltage at which
an incident photon can cause an avalanche in a diode-based detector. These detectors
are normally operated above their breakdown voltage where higher values of voltage
above breakdown can provide an increase in detection efficiency at the cost of higher

noise values.
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2.4.2 Photomultiplier tubes

Photomultiplier tubes (PMTs) are a form of vacuum tube technology which are used as single
photon detectors due to their sensitivity to single photons [69, 70]. They are used in a variety of
applications such as nuclear physics experiments, photon counting, and electromagnetic
spectroscopy to name a few. Along with being sensitive to single photons, the PMT also has
photon number resolving capabilities and as such can be used to determine the intensity of the
light entering it in any particular instant. Photons enter the PMT through an input window which
is directed at the cathode. The photons on the cathode’s surface have a probability of exciting
electrons into the vacuum, with these excited electrons being called photoelectrons. These
photoelectrons in the vacuum are focused with an electrode onto a plate which acts as an electron
multiplier known as a dynode. The PMT typically has several of these dynodes in series which is
how it achieves high gain amplification. The electrons from the last dynode are collected on the
anode of the device and at this point a current spike can be measured across the PMT, which is

proportional to the number of incident photons.

2.4.3 Single photon avalanche diodes

Single photon avalanche diodes (SPADs) are a type of solid-state photodetector that are sensitive
enough to detect a single photon. They have the advantage of a lower operating voltage and
higher photon detection efficiency (PDE) in comparison to PMTs [71] which is why they are
favoured over PMTs in applications such as photon counting [41, 72] and fluorescent lifetime
imaging microscopy (FLIM) [55, 56]. The SPAD is operated with a reverse bias above its
breakdown voltage, this is known as Geiger-mode operation. In Geiger-mode a single photon can
cause an avalanche effect in the SPAD which results in a current spike that can be measured
[73]. They are typically used along with quenching electronics to shorten the reset time of the
photodiode once a photon has been detected [74-77]. An equivalent electrical circuit for the SPAD

is shown in Figure 11 where switch S closes during the process of a photon induced breakdown.
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Figure 11: SPAD equivalent circuit, Rq is diffusion resistance, Cy is diffusion capacitance, and Vp, is
breakdown voltage

The quenching circuits come in one of two forms: passive quenching and active quenching [75,
77]. In a passive quenching circuit, a pair of resistors are used along with the SPAD where one
resistor is used as a load (R;) to limit the current while the other is used as an impedance
coupler/sensing resistor (Rs). The passive quenching circuit has different configuration modes
depending on where the resistors are placed, these can be seen in Figure 12. Note that the
current-mode output is typically preferred, due to the sharp rising edge which reduces detector

timing jitter.
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Figure 12: Passive quenching configurations showing (left) voltage mode circuit and output. (right) current
mode and output shape

In an active quenching circuit, upon a successful detection the voltage across the SPAD is
reduced to under the breakdown voltage to stop the avalanche process. A supplementary reset
circuit is then used to increase the voltage up to the bias voltage. As active quenching is not

explored in this work, the concept will not be discussed further.

2.4.4 Silicon photomultipliers

Silicon photomultipliers (SiPMs) are a type of solid-state photodetector based on the SPAD [68,
78]. They are composed of an array of SPADs, which are referred to as microcells, whose anodes
and cathodes are all connected to each other, with each individual microcell having a passive
qguenching resistor as depicted in Figure 13. The construction and structure of SiPMs also allows
them to have a lower operating voltage as compared to typical SPADs [60, 79, 80], with
breakdowns in the region of 35V not being uncommon. They are insensitive to magnetic fields
along with having the time resolution of a SPAD which makes them popular in medical

applications like positron emission therapy (PET) [81, 82].
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Figure 13: Example structure of SiPM

While possessing favourable features, many versions of the SiPM come with the downside of
high correlated noise in the form of optical crosstalk and afterpulsing [45]. Crosstalk happens
when an avalanching microcell causes an avalanche in another microcell due to the microcell
emitting light during breakdown which is detected by other microcells, while afterpulsing happens
when a photon causes an avalanche from a microcell followed by a secondary delayed avalanche
in the same microcell. One quality of SiPMs that differentiates them from normal SPADs is the
fact that they can resolve the number of incident photons. When they are reverse biased above
breakdown and a single photon is detected by a microcell, a current spike is generated as it does
in an SPAD, however, when two or more microcells are triggered, the current spike generated
becomes proportional to the number of photons detected. Essentially the SiPM can be considered
as an array of passively quenched SPADs with the outputs passively summed together. Hence,
they can be run at higher pulse rates [83] while offering photon number resolving capability at the
expense of an increased dark count which will scale with the detector size/number of microcells.
However, as a SiPM is essentially a summed array of passively quenched SPADs, the dark count
rate will scale with the number of microcells, which is the major downside with respect to

conventional SPADs.

State of the art SiPMs can exhibit relatively low noise factors with dark counts as low as 30khz
and crosstalk and afterpulsing probabilities of less than 1% being reported for a 1mm x 1mm
SiPM with 2880 microcells from manufacturer onsemi [80]. These SiPMs exhibit good timing

performance with a signal pulse width of 0.6ns and rise time of 0.3ns at the cost of a low PDE at
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only 14%. However, at larger sizes for the SiPMs (3mm x 3mm) the manufacturer reports PDEs
up to 35% at an overvoltage of 2.5V. The downside of the larger SiPMs is the higher noise factors
with a dark count rate of 300kHz and higher crosstalk probability of 10%. The timing performance
is also affected with the 3mm x 3mm SiPM exhibiting a signal pulse width of 1.5ns with a rise time

of 0.6ns on its fast mode output.

A proprietary fast mode output is present in addition to the standard output on SiPMs by
manufacturer onsemi (formerly SensL). This fast mode is coupled to the individual diode through
low capacitance and offers a faster rise time along with a shorter pulse width over the standard

output mode [84, 85]. An example of the fast output terminal is shown in Figure 14.

Cathode

Fast
Output

Anode

Figure 14: Silicon photomultiplier microcell with built in quenching resistor and a capacitively coupled fast
output terminal

In [86] the author characterises a SiPM for multiple simultaneous detections showing that the
amplitude of the electrical output pulse of the SiPM to be proportional to the number of detected
photons. The time correlator presented in [87] is the only literature example of using photon
number information in an acquisition and measurement system. However, all the systems to date
post-process digital oscilloscope data (time series of detector voltage) and therefore no
measurements are completed in real-time. This unique feature of SiPMs has not been fully utilised

in the literature and therefore remains an area of interest and is the main focus of this work.
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2.5 Light detection and ranging

2.5.1 Introduction

LiDAR is a method for measuring distance to a target using a pulsed laser and a photon detector
based on the principle of time-of-flight (ToF) [88, 89]. By measuring the time taken for a round-
trip of the optical pulse, the distance to the target can be calculated by multiplying half the round-
trip time by the speed of light (299,792,458 m/s). There are two types of ToF LiDAR systems [89]:
scanning LIDAR and flash LiDAR. In scanning techniques, the system uses a single photon
detector, typically a SPAD, and a mechanical rotating platform to take measurements in quick
succession providing up to 360 degrees of view. A collimated laser beam is used to scan the

illuminated field of view one point at a time.

Flash LiDAR [90] does not make use of any moving parts and instead uses a laser with a wide
diverging beam and an array of sensors to measure a scene in one laser excitation cycle.
Removing the rotary mechanics reduces the maximum field of view of the system but allows for
more rapid acquisition of data at the expense of a reduced signal to noise ratio [91]. Flash LiDAR
systems typically make use digitally controlled mirrors using micro-electro-mechanical system
(MEMS) technology [91, 92] with these MEMS mirrors helping to steer the light allowing a wider
angle to be measured by the flash LIDAR system. However, the amount of steering they provide

is low, typically only around 20-30 degrees [93, 94].

2.5.2 Biaxial and coaxial light detection and ranging

A LiDAR system for ranging in free space can be categorised into one of two optical
configurations: biaxial and coaxial [95, 96]. They differ in their optical setup where in coaxial
LiDAR the same optical delivery path is used for both the laser and the detector, whereas in
biaxial LIDAR the receiving optics are placed adjacent to the emitting optics as depicted in Figure
15 a) and b) respectively. A coaxial LIDAR setup can be cost effective and save on space and
weight by removing the need for a secondary optical setup for the receiver. However, the amount
of backscatter picked up by the detector is increased causing optical crosstalk which can possibly

saturate the detector. The effect of backscatter in a coaxial system can be partially mitigated by
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gating the photodetector, where the photodetector is made to only be photosensitive during a

small window of time, although this adds further complexity into the system.

Transmit and receive | poge o gennnnnn - Receiving optics Detector
optics > E——

a) b)

Figure 15: a) Coaxial LIDAR setup. b) Biaxial LIDAR setup

In a biaxial setup the issue of optical crosstalk is eliminated due to the use of a separate optical
path for the detector. However, separating the optics for the emitter and receiver leads to less
optical efficiency due to lower measured light levels while the measurement itself can only be

performed starting from a certain range where the optical path of the emitter and receiver overlap.

2.5.3 Phase shift LIDAR

Phase shift LIDAR is a common technique that differs from ToF LiDAR in how it is operated. In
this technique the laser pulse is sinusoidally modulated, and the phase of the returning signal is
measured [97-99]. The phase of the laser pulse is measured at the start of a measurement and
the difference with the return signal phase is measured and calculated. Knowing the measured
phase difference @, and the modulation frequency f,,, then the round trip time of flight t, is

calculated as:

t=—0 (2.14)

The distance to the target is then calculated as the product of the time of flight and the speed of
light. However, such a system suffers from range ambiguity [100], where if the phase difference
exceeds 360°, the apparent round-trip time will wrap back around 0 causing ambiguity to resultant

time/distance measurements.
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2.5.4 Single photon counting light detection and ranging

Photon counting LIDAR uses TCSPC to measure the round trip delay of a laser pulse emitted
from the system, reflected off the object, and collected by the receiving optics. Due to multiple
measurements being needed to acquire a statistically valid histogram this method is considered
slower than other methods of LiDAR in ranging where a single measurement is often enough to
resolve the time [89]. However, due to the high sensitivity and excellent time resolution of TCSPC
it is popular in applications where low light level returns are expected. The author in [101]
demonstrates a photon counting LiDAR solution that operates at ranges up to a few kilometres
by using laser sources of varying wavelengths. To increase the range of photon counting LIDAR
systems, the authors of [102] and [103] propose high-speed systems that use laser pulses of
multiple repetition rates to extend the unambiguous measurement distance and achieve faster
detection rates. Unambiguity here refers to exceeding the amount of time the TDC can measure
which causes the time to wrap around to 0. Furthermore, Yu [104] proposes a macro-pulse photon
counting ranging method to allow for fast detection of moving targets. This was based on the work
done by Takeuchi in [105] where a pseudo random coded lidar system was demonstrated that

achieves fast detection and improved signal to noise ratio.

2.6 Conclusion

In conclusion, this chapter starts with an overview into various methods for implementing TDCs
on FPGAs as well as improvement techniques used to improve the linearity and resolution of
FPGA based TDCs. The calibration of such TDCs is discussed with methodology on how they
are performed. As this work focuses on SiPMs, a background on them and other single photon
detector technologies is provided outlining their differences. The principle of TCSPC is discussed
along with 2 separate methods of implementation, the single start single stop and single start
multi stop methods. Finally, LiDAR is discussed along with some methods of implementation as

well as the different optical setups used in free space ranging.
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3.0 Silicon photomultipliers as single photon number
resolving detectors

3.1 Introduction

This chapter evaluates a typical SiPM’s suitability for time correlated photon counting
applications. SiPMs consist of an array of SPADs with their outputs passively summed. Note that
TCPC is mentioned here (rather than TCSPC) due to the system no longer necessitating a mean
photon number of <=0.1. This chapter will first introduce a model developed to evaluate the
possible performance advantage of the SiPM in comparison to conventional SPADs.
Subsequently, the detector and experimental setup are discussed, followed by measurements of

a SiPM’s performance and characteristics.

3.2 Modelling and analysis
3.2.1 N-photon detection probability

Following the work performed by the author in [86] , the theoretical probability of the detection of
n avalanches was modelled. This is shown in Figure 16, where the Poissonian statistics for multi
photon detection for the SiPM can be observed in addition to the model developed in [86] for
varying mean photon numbers. This is model includes the value of optical crosstalk that would
be present in a real typical SiPM. The probability p(n) of having n avalanches (including those

caused by crosstalk) is defined by the author as being:

_ pen(m) + (n — Dp(n — Dp,,

>0 3.1
1+ np; n G1)

p(n)

Where pq,(n) is the theoretical probability of n avalanches occurring and p.; represents the
crosstalk probability of the entire detector where a breakdown event in one microcell could also
trigger a breakdown in an adjacent microcell. As equation 3.1 is a simple model which only
accounts for an avalanche in the SiPM triggering only a single additional breakdown, it cannot
represent a real SiPM where an avalanche event may trigger more than one additional breakdown
with those additional crosstalk breakdowns also having the probability of causing additional

breakdowns. With higher values of p.; the probability of crosstalk breakdowns in the model
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increases, however, if the value of p.; > 1 then every time a microcell of the SiPM breaks down
it induces a crosstalk breakdown and due to the nature of equation 3.1 being recursive this means
that every time an avalanche occurs in a single microcell of the SiPM all the other microcells in
the SiPM would have breakdowns. The application of equation 3.1 can be seen in Figure 16
where it is represented by the solid lines with the dashed lines being generated from a
conventional Poissonian probability mass function. This model does not account for crosstalk
induced breakdowns triggering more than one additional crosstalk induced breakdown and the

value of p.; is set to 9.7%, the same as in [86].

Probability of detection

-O-Poissonian 7 = 0.2
—SiPM Model m = 0.2
Poissonian 7 = 0.53
—SiPM Model 7 = 0.53
-0-Poissonian n = 5.0
SiPM Model 7 = 5.0
8 10 12

Number of photons

Figure 16: Modelling of SiPM photon detection statistics using Poissonian statistics and the model
developed in [86] for varying mean photon numbers with the crosstalk probability (Pct) being 9.7%

3.2.2 Decoded N-photon event model

The modelling of the poissonian statistics were taken a step further with the decoded number of
photons per pulse being plotted for both a SiPM and a SPAD, using the model in [86]. In this
modified SiPM model, it is assumed that the SiPM and its associated instrumentation can resolve
up to 4 photons with optical crosstalk also being included. This is shown in Figure 17 where the
SiPMs can be seen to detect up to 4 photons per pulse at a mean photon number of 4 and higher.
It is a similar case for the SPAD as it also reaches its maximum photon detection output at a

mean photon number of ~4. The SiPM model may appear more likely to detect photons, but this

31
M. Sadik, PhD, Thesis, Aston University, 2023



is due to optical crosstalk being modelled. However, this modelling comparison to a SPAD proves

that fundamentally there is an advantage in using the photon number resolving ability of the SiPM.
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Figure 17: Simulation of decoded photons per pulse for SiPM and SPAD based off poissonian statistics.
The simulation shows the SPAD starting to saturate at around a mean photon number of 1 and being fully
saturated around a mean photon number of 4. The SiPM stays linear for longer than the SPAD until it
approaches a mean photon number of 3 at which point it starts to saturate. Note the gradient of the SiPM
is greater than the gradient of the SPAD before the SPAD starts to saturate due to the added optical
crosstalk probability of 9.7%

3.3 Experimental characterisation

3.3.1 Introduction

This section outlines the various experiments performed on an onsemi MICRORB-SMA-10035
SiPM [79], a detector Tmm x 1mm in size consisting of 620 microcells, to characterise its
performance as a single photon number resolving detector. Unlike a SPAD pulse where the
output amplitude is always constant, the amplitude of a SiPM pulse scales depending on the
number of photons detected within that pulse. This occurs due to multiple microcells triggering at
the same time, each one adding to the output an amplitude equivalent to a single photon event
[68].
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A Tektronix MDO4104C digital oscilloscope [106] capable of sampling at 5GS/s with a 1GHz
bandwidth was used to record the SiPM pulses into a comma separated values (CSV) file which
was then analysed using MATLAB scripts on the PC side. The following sections detail the testing
platform developed for the SiPM module as well as the results from the various experiments

performed.

3.3.2 Experimental setup

As the onsemi MICRORB-SMA-10035 SiPM comes as a barebones module, to begin
characterising the detector an enclosure was used to seal off ambient light and only let in light
focused on the SiPM die. For the housing, a hermetically sealed aluminium enclosure was fitted
with a Thorlabs Fiber Port [107] such that the SiPM was placed roughly in the optical path of the
fiber port’s collimated output. A 3D printed part was designed, printed, and used to secure the
SiPM module to the enclosure. To then align the optical path as well as possible, a continuous
wave light source was coupled into a multimode fibre to the input of the fibre port such that the
light was clearly visible on the output using the naked eye. The optical path of the fibre port was
then adjusted using the two XY axis screws on the side while measuring the count rate of the

detector in real time until it was tuned to the highest achievable count rate.

Figure 18: Picture of SiPM box showing internals, fiber port and front panel controls

Aside from being used as a light proof box for the exposed module, the enclosure also housed
the necessary electronics to operate the SiPM. This included 2 amplifiers, a bias tee, and 2
separate power supplies. One of the power supplies was used to provide the negative going bias

voltage needed for the SiPM using an adjustable high voltage linear regulator [108]. The regulator
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was adjusted using a multi-turn potentiometer for fine steps and a resistor network on a rotary
switch was used for coarse adjustments, both of which were placed on the outside of the

enclosure to allow for the bias voltage to be easily adjusted.

5V

SiPM 20dB 20dB

I QUTPUT

Figure 19: Diagram showing the signal path of the SiPM, the signal is amplified then offset with a bias tee

The second power supply provided 15V for the pair of Mini-Circuits ZFL-1000LN+ [109] low noise
amplifiers, used to raise the low amplitude [79] of the SiPM pulses, which are typically a few mVs.
In addition to this, it also powered a bias tee at 5V through a 7805 linear regulator to provide a
DC offset for the detectors negative going pulses. An SMA connector placed on the side of the
enclosure was used for the detector readout and was internally connected to the bias tee. A

diagram showing the complete signal path of the SiPM is shown in Figure 19.

3.3.3 Silicon photomultiplier bias above breakdown vs dark count rate and optical

crosstalk

When powering the SiPM, the overvoltage applied affects the noise parameters present within a
SiPM such as the optical crosstalk and dark count rate. To determine these parameters for the
SiPM module used in this work, the output of the SiPM was measured using an oscilloscope while
the bias voltage above breakdown was adjusted. In the datasheet for the module [79], a typical
overvoltage value of 7V and a max value of 10V above breakdown is recommended. The SiPM
module used came with a measurement of the breakdown bias voltage at 26.4V, and so the

overvoltage values between 33.4V-36.4V were tested with the SiPM.

One of the main contributors of noise in a SiPM is the dark count, where unlike SPADs that
typically experience dark counts in the range of tens to hundreds of Hz, the dark count rates of
SiPMs are typically in the MHz range, as the output is the sum of all the microcell outputs. The

dark count rate was measured by collecting SiPM data in a lightproof environment for the various
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overvoltage values over a certain integration time. The dataset at each overvoltage value was
analysed to determine the total number of counts within that dataset. This number was then
divided by the integration time to obtain a value for the dark count rate at that overvoltage. Figure
20 shows the measured dark counts and from this we can see that the rate increases almost

linearly with the increase of the overvoltage.
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Figure 20: Dark count rate of the SiPM measured at various bias voltages

Another major source of noise in a SiPM is the optical crosstalk, which is defined as the probability
of an avalanching microcell causing an avalanche on another microcell. This process happens
almost instantaneously and as such a single incident photon may generate a signal equivalent to
a 2-photon event or higher. Furthermore, an estimation of the crosstalk can be obtained by
measuring the ratio of the count rate of multi photon events (signal amplitudes higher than single

photon events) to the total count rate while the detector is kept in the dark [45] as of:

dark counts of Nppoton = 2
crosstalk (%) = X 100% (3.2)
total dark count rate

This means that the same datasets as the ones used for measuring the dark counts can be used

to estimate the optical crosstalk. The equation is valid if the value of the total count rate in the
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SiPM is greater than 0. A time gate of 200ps is used to distinguish a peak found from a crosstalk
peak as a crosstalk event happens almost instantaneously after a detection. Figure 21 shows the
measured crosstalk across the range of bias voltages. At a bias voltage of 33.4V (7V overvoltage)
the SiPM was estimated to exhibit a crosstalk probability of 43%, the same amount denoted in

the datasheet.
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Figure 21: Crosstalk probability measured for various bias voltages
3.3.4 Silicon photomultiplier typical output pulses

Mean photon number per pulse

0.1 1,13 2.22 3.592 5.58 7.03

20ns 20ns 2 20ns 20ns

Figure 22: Heat map of SiPM output pulses measured using oscilloscope performed with a timescale of
20ns per division at varying light levels showing the effect of optical crosstalk on the right of the main
pulses
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When looking at the SiPM pulses on an oscilloscope at varying light levels we can observe the
effect of the photon number resolving capability of the detector in Figure 22, as the negative going
pulse height clearly scales with the mean number of incident photons. Furthermore, it is believed
that the optical crosstalk can be observed in Figure 22 at higher mean photon levels, the crosstalk
can be seen more clearly on the right of the main pulses. In addition, Figure 23 shows the SiPM
input pulse amplitudes when they are histogrammed using the built-in oscilloscope functions, as
shown in orange on the left of the diagram. Amplitudes are only histogrammed to generate
amplitude for the centre of the peak (shown as a red line on the diagram) and the pedestal values
(zero photon voltages) are omitted for maximum clarity. This gives an idea on the typical multi

photon amplitudes and the maximum number of photon events the detector can discriminate.

In accordance to what was inferred in [110], the acquisition bandwidth of the oscilloscope was
reduced from 1GHz to 250MHz for the SiPM channel to maximise fidelity of the amplitude
spectrums and improve the peak to trough ratio. To demonstrate this, the same experiment was
performed with the 250MHz bandwidth limit on the oscilloscope, with the resultant signal and
amplitude spectrum being shown in Figure 24. Using the 250MHz acquisition bandwidth has a
low pass filtering effect on the SiPM signal and ends up smoothing/averaging the pulse
amplitudes over time, which in turn results in the various mean photon events to be more easily

distinguished.
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Figure 23: SiPM output pulses measured using built in oscilloscope histogram feature using a full 1GHz
bandwidth. The amplitude spectrum histogram is shown in orange on the left. The red line shows the
amplitude range which forms the histogram. The timescale used on the oscilloscope was 2ns per division
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Figure 24: SiPM output pulses measured using built in oscilloscope histogram feature with a bandwidth
limit of 260 MHz. The amplitude spectrum (orange) is considerably more distinct. The red line shows the
amplitude range which forms the histogram.

The SiPM data was further analysed to determine the effect of applying low pass filters to the
signal at varying frequencies and the peak to trough ratios for the first two photon peaks were
observed. Figure 25 shows the recorded peak to trough ratios at the varying frequencies where
an increased ratio was observed as the value of the filtering frequency decreased. Taking this
into account along with the data in Figure 26, which shows the ratios between the first 2 photon
peaks of the SiPM signal with the varying low pass filter frequencies applied, it is observed that
while the ratio between the first photon peak to the second stays roughly constant (around 2.1:1)
except at the lowest frequencies under 100 MHz. The peaks become more pronounced making
it easier to distinguish between the various photon levels in the signal. For further measurements
with the SiPM performed later in this chapter, a low pass filter was chosen with a 250 MHz cut off

as it offered an improvement in the signal while still maintaining acceptable timing precision.
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Figure 25: Peak to trough measurement of first and second peak in the SiPM signal for varying low pass
filter cut-off frequencies
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Figure 26: Ratio of the first peak to the second peak in the SiPM signal corresponding to N = 1 photons
and N = 2 photons respectively for various cut-off frequencies
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3.3.5 Silicon photomultiplier count rate vs mean photon number

To investigate whether the SiPM can provide a benefit over SPADs in TCSPC, several
measurements were performed with the SiPM where the mean photon number per laser
excitation pulse was adjusted. A Thorlabs multimode fiber pig-tailed laser diode [111] at a

wavelength of 635nm was pulsed using an iC-Haus iC-HSO05 laser diode driver [112] and was

coupled to a multimode fibre.

The multimode fibre output from the laser diode was coupled into a Thorlabs Fiber Bench [113]
such that 1/2 " neutral density (ND) filters [114] could be placed in line with the optical path to the
detector to limit the amount of light passed through. Using an FCPC coupled Thorlabs PM100D
optical power meter, the unattenuated optical power at the output of the Fiber Bench was initially

measured. A diagram of the experimental setup is shown in Figure 27. To then limit the amount

of light, the required amount of ND filtering had to be calculated.
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Figure 27: Diagram of experimental setup for SiPM measurements using a pulse light source. Dashed

Lazer diode

A

FPulse Generator

Laser driver

lines represent optical paths and solid lines represent electrical paths

For this, first the unattenuated number of photons per second Nphotonssec Were calculated. This

was done by finding the energy per photon according to:
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where h is planck’s constant and f is the frequency of red light at 635nm. From this, the total

number of photons per second were calculated by:

Unattenuated optical power (W)
Nphotons/sec = E() (3.3)

With this information known, the unattenuated number of photons per pulse N,,, was calculated

using:

_ Nphotons/sec
repetition rate of laser (Hz)

Npp (3.4)

Once this had been calculated, the next step to determining the required ND amount involved

calculating the ratio between the desired N,,,, value to be tested and the unattenuated N,,,. Finally

using this ratio, the value of ND filtering required was calculated to the first decimal point using:

T
ND=—log<100%) (3.5)

With T representing the percentage of the input to be transmitted.

The first set of TCSPC measurements done with the SiPM, at a bias voltage of 33.4V (7V
overvoltage) was done at an optimal light level for SPADs with ND filters being used to keep the

N,, = 0.1 at the fiber to avoid pile-up. The laser driver was pulsed at a rate of 10 MHz using a

square wave from a pulse generator.

All measurements shown in this section were taken from the oscilloscope and consisted of 20
million points sampled at 5 GS/s for an integration time of 4ms, taken for both the detector and
the START reference. This was repeated multiple times at each of the data points to collect a
larger amount of data for post processing. The result of the initial measurement for the SiPM is

shown in Figure 28 where the correlation in the observed SiPM signal is indistinguishable from
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the noise in the detector at this low level of light, due to the considerably higher dark count of the
SiPM. Note that for all correlations presented in this chapter, the amplitude information is not

used in the formation of the histograms.

TCSPC histogram
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Figure 28: TCSPC measurement with SiPM at bias 33.4V at Npp = 0.1 for a duration of 4ms

Further tests were performed on the SiPM to evaluate its performance at various higher light
levels by changing the ND filtering in the Fiber Bench to provide varying N, values at the fibre
port. At first the count rate of the SiPM was observed for varying values of N,,,, as shown in Figure

29 for a 4ms period. From this data it was observed that the count rate of the SiPM increases

linearly until it nears N,,,, = 10 at which point the detector starts saturating and starts to go non-
linear. Because of this, light levels up to N, = 10 are deemed to be in the acceptable working
range of the SiPM at this bias voltage. Note that the measurements of N,,, are done at the fibre

and does not take into consideration the loss in the fibre port nor the imperfect coupling of the
SiPM.
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Figure 29: Measurement of SiPM Count rates (per 4ms period) for varying Npp values, Biased at 33.4V

Observing the SiPM at light levels slightly higher than the optimal level for SPADs at N, = 0.5
in Figure 31, the measured waveform can be seen unlike at N,,,, = 0.1 although the noise floor is
still dominantly visible within the correlation (low signal to noise ratio). As the light levels were
slowly increased until it reached N,,,, = 10, the number of correlated photons being detected also
increased and the correlation became more distinguished from the sources of noise with this

process being observable in Figure 31 to Figure 34.

The measured SiPM output can be seen to have multiple secondary peaks in the measured
waveforms. These secondary peaks were measured to repeat approximately every ~2.4 ns and
was present throughout all measurements taken with the SiPM. Figure 30 shows the secondary
peaks in question with a measurement performed at 33.4V. The SiPM was measured using a
separate electrical signal path with a new amplifier to rule out whether the secondary peaks were
from a reflection in the electrical path while the SiPM was kept in its enclosure due to the ambient
light. No change was observed in the SiPM output when changing the experiment setup. While
the exact cause of these reflections has not been confirmed, they are believed to be reflections

in the optical path of the SiPM, possibly caused by the reflective interior of the SiPM enclosure.
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These so called reflections were more apparent on the measurements done at a bias of 33.4V

compared to those performed at a bias of 34.9V.
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Figure 30: TCSPC measurement performed using SiPM experimental setup with secondary peaks found
in measurement highlighted. Performed at a bias of 33.4V for a mean photon number of 10.4
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Figure 31: TCSPC measurement with SiPM at bias 33.4V at Npp = 0.5
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Figure 32: TCSPC measurement with SiPM at bias 33.4V at Npp=1.0
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Figure 33: TCSPC measurement with SiPM at bias 33.4V at Npp = 5.2
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Figure 34: TCSPC measurement with SiPM at bias 33.4V at Npp = 10.4
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The measurements for the SiPM were also done at a different bias voltage of 34.9V (8.5V
overvoltage) where the dark count rate of the detector was measured to be 2.64 MHz and the
crosstalk probability was estimated to be around 60% (section 3.3.3). The measurements
performed were done using the same experimental setup as before with only the bias voltage
being changed. Looking at the count rates at this bias voltage, shown in Figure 35, we can
observe the same trend as we did with the lower bias voltage where the SiPM count rates

increase in a linear fashion until it nears N,, = 10, at which point it starts to go non-linear

confirming our previous acceptable working range.
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Figure 35: Measurement of SiPM Count rates (per 4ms period) for varying Npp values, biased at 34.9V

When looking at the results of the TCSPC measurements for this bias voltage, we can observe
that the detector can resolve the waveform at a photon rate of 0.1 with the peak being clearly
visible, unlike when the bias was set to 33.4V, as shown in Figure 36. Although the peak can be
detected, the full shape of the waveform is still hidden behind the high noise floor. Once the light
levels were slowly increased up to the maximum acceptable working range of light levels that was
characterised for the SiPM, the waveform became more distinguished as the correlated counts
started to overshadow the noise in the histogram (as signal to noise ratio increases). This can be

seen in Figure 36 to Figure 39, where the photon rate is increased up to N,,, = 10 and the noise
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in the correlation can be seen to no longer affect the measurement with the full waveform
becoming more and more visible. The number of counts in the peaks of the histograms were
measured to be up to 97% higher for a bias of 34.9V than they were at 33.4V. However, this is to

be expected as the PDE and responsivity of the SiPM increases at higher values of overvoltage
while the noise also increases [68].
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Figure 36: TCSPC measurement with SiPM at bias 34.9V at Npp = 0.1
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Figure 37: TCSPC measurement with SiPM at bias 34.9V at Npp = 1.0
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Figure 38: TCSPC measurement with SiPM at bias 34.9V at Npp = 5.4
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Figure 39: TCSPC measurement with SiPM at bias 34.9V at Npp = 10.7

The PDE of the detector was measured at the various light levels and was found to range from
8% to 11%. Note that the value of the PDE measured here is a product of the PDE of the SiPM
and the coupling efficiency of the SiPM to the fibre port on the enclosure. The PDE was measured
as of:

number of photons detected
PDE = ;
number of photons at the fibre

(3.6)

The number of photons at the fibre was calculated from the multiplication of the number of
photons per second (equation 3.2) and the transmission ratio, T, of the ND filtering used:

number of photons at the fibre =T * Nphotons (3.7)

sec

3.3.6 Silicon photomultiplier amplitude spectrum
In [86] the author characterises their SiPM, showing that the detector was able to resolve different
pulse amplitudes corresponding to the different number of simultaneous detections. This was

also done by the author in [87] where they characterised their SiPM for the different photon event
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amplitudes and found up to nine distinct photon events that was later used for faster acquisition
of histogram data for Raman spectroscopy. The author calls this technique time correlated photon
counting (TCPC) as unlike TCSPC more than a single photon can be detected within a single

excitation pulse due to the detectors ability to resolve photons.

In this section the SiPM amplitudes are investigated for use in applications of TCPC. The SiPM
amplitudes were examined while using brief pulses of light at N,,, = 2.3. By histogramming the
occurrences of the various amplitudes in the recorded signals using MATLAB scripts, the
amplitudes corresponding up to four photon events were able to be characterised. The amplitudes
were determined to be within a range of values after analysing the amplitude spectrums for each

of the various bias voltages of the SiPM as shown in Table 1.

Bias voltage Nohoton = 1 Nohoton = 2 Nphoton = 3 Nohoton = 4
33.4 100 — 135 mV 135 -175 mV 175 - 210 mV 210+ mV
33.9 105 — 150 mV 150 — 185 mV 185 — 230 mV 230+ mV
344 110 — 155 mV 155 - 195 mV 195 — 245 mV 245+ mV
349 115 -165 mV 165 — 205 mV 205 - 255 mV 255+ mV
35.4 120 — 170 mV 170 - 210 mV 210 — 265 mV 265+ mV
35.9 125 - 175 mV 175 - 215 mV 215-275mV 275+ mV
36.4 130 — 185 mV 185 — 225 mV 225 -290 mV 290+ mV

Table 1: Photon event amplitude values determined for the SiPM for bias voltages of 33.4V to 36.4V
(overvoltage of 7-10V)

As the value of overvoltage is raised for the SiPM, the value of the gain also increases [45, 68].
The gain is a measurement of the number of charge carriers released when a photon is
successfully detected which influences the pulse amplitude of the SiPM signal. Hence, as the
bias voltage of the SiPM is increased, the signal amplitude will be higher. For this reason, when
using the SiPM with TCPC, the amplitude values for the four photon events must be determined
at the bias voltage being used. The histograms showing the amplitude spectrum of the SiPM
pulses at the various bias voltages measured are shown in Figure 40 to Figure 46 where the

shifting of the amplitude values can be observed.

52
M. Sadik, PhD, Thesis, Aston University, 2023



1800 T T T T T T T

1600

1400

1200

Counts

600

400

200

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Feak voltage (Volts)

Figure 40: Amplitude spectrum of SiPM pulses at a bias voltage of 33.4V
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Figure 41: Amplitude spectrum of SiPM pulses at a bias voltage of 33.9V
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Figure 42: Amplitude spectrum of SiPM pulses at a bias voltage of 34.4V
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Figure 43: Amplitude spectrum of SiPM pulses at a bias voltage of 34.9V
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Figure 44: Amplitude spectrum of SiPM pulses at a bias voltage of 35.4V
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Figure 45: Amplitude spectrum of SiPM pulses at a bias voltage of 35.9V
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Figure 46: Amplitude spectrum of SiPM pulses at a bias voltage of 36.4V

3.3.7 Summary

This section focused on the work done to characterise an onsemi MicroRB-10035 SiPM for
applications of photon counting utilising photon number resolving detectors. At first, an enclosure
was built for the SiPM along with the necessary components needed to operate it. This included
an adjustable power supply such that the bias voltage of the SiPM could be manipulated with
ease, amplifiers for the SiPM signal, and a bias tee used to offset the negative going pulses of
the detector. Once this had been done, the noise in the SiPM was characterised in the form of
dark count and crosstalk. The SiPM was then illuminated via a pulsed laser while adjusting the
light levels going to the detector through ND filtering to control the photon probability for
applications of photon counting. Data for the SiPM was gathered via an oscilloscope and was
used in conjunction with MATLAB scripts to perform TCSPC measurements with the SiPM at the
various light levels. Finally, the amplitude spectrum of the SiPM pulses were studied to determine

the threshold values for the various photon events.
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3.4 Conclusion

The work done in this chapter was towards the characterisation of an onsemi MicroRB-10035
SiPM for applications of photon counting. The first task towards this goal was the construction of
an enclosure to house the SiPM along with the electronics needed to operate it. The dark count
rate and the crosstalk of the SiPM have been measured and presented for a range of overvoltage
values from 7V to 10V. The count rates of the detector were measured at various light levels to
determine the point when the detector saturates from over exposure. From this, an acceptable
working range of light levels was compiled and TCSPC measurements were performed using the
SiPM within this range at two different bias voltages. The results showed the SiPM being
incapable of resolving the shape of the waveform at a photon probability rate of 0.1, which is the
optimal rate for SPADs, due to the amount of noise in the correlation. At higher light levels, the

SiPM was observed to be able to resolve the correlated from the background noise.

It has been shown that the SiPM is capable of photon number resolving, where unlike traditional
single photon detectors more than a single photon can be resolved within a pulse due to their
array like structure. The pulse amplitudes of the detector were then studied at the different bias

voltages, deriving from them the pulse amplitudes corresponding to multi photon events.
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4.0 Time to digital converters, time correlated single photon

counting and photon number resolving instrumentation

4.1 Introduction

The concept of time correlated photon counting (TCPC) is an extension of that of TCSPC adding
the capability for multiphoton detection with photon number resolving detectors. First mentioned
in [87] where the author uses it for time correlated Raman spectroscopy, TCPC makes use of the
photon number resolving capabilities of a SiPM to infer the number of photons within any
incoming SiPM pulse (also referred to as a ‘click’) which enables faster acquisition of histogram
data, as for each excitation pulse the exact number of photons can be added to the appropriate
histogram bin. Given the structure of the SiPM, which can be thought of as a passively summed
array of passively quenched SPADs (referred to as microcells), the limiting effects of a detector
dead-time in TCSPC are reduced. This is because each subsequent photon landing on the SiPM
(or similar array based detector) will randomly land on microcells in the array, with the probability
of landing on a microcell experiencing dead-time being small. The array structure allows for higher
light levels to be utilised per excitation pulse in which more multi-photon events can also be
inferred, which results in a far greater detector dynamic range. Due to these factors, utilising
TCPC with a SiPM can forgo the standard 5-10% detector count rate limit (of excitation frequency)
imposed in TCSPC due to the pile-up effect [115] allowing for higher photon probability rates per

laser pulse to be used with the detector explored in chapter 3.

This chapter goes over the instrument that has been developed as part of this work that performs
TCPC measurements in real time. The amplitude information within a SiPM pulse is quantised by
hardware to determine the number of photons present within a pulse with 4 distinct quantisation
levels, allowing for more histogram data to be acquired within a single excitation pulse. While the
original author of the TCPC paper [87] had performed TCPC measurements using a SiPM, this
was done through post processing of oscilloscope data. This chapter goes over the instrument
design and performance along with an experimental comparison performed on the hardware
between TCSPC and TCPC using the onsemi RB-Series 10035 SiPM characterised in the

previous chapter.
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4.2 Hardware developed

The instrument developed during this work is an FPGA based time correlated photon counting
(TCPC) system to be used for performing time correlations/range measurements using a SiPM,
taking advantage of its photon number resolving capabilities. The instrument could also be
operated as a time tagger, which in addition to measuring the time of an input pulse, it also

measures the input amplitude with a custom fast 2-bit ADC.

The instrument was developed on a ZTEX USB-FPGA module 2.16 containing an Artix7 200T
FPGA on which time measurements are taken via two on board TDCs, one each for the START
and STOP channels. The STOP channel is put through additional amplitude quantisation circuitry
(discussed further in section 4.4) as this is the channel designed to pass through the SiPM signal’s
amplitude as well as time of arrival. A block diagram showing the various hardware modules of
the instrument can be found in Figure 47 and a photograph of the instrument is presented in
Figure 48.
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Figure 47: Block diagram of TCPC instrument

The clock for the FPGA is provided by a stable 10 MHz oven controlled crystal oscillator (OCXO)
which is then internally increased to 130 MHz inside the FPGA using a delay locked loop (DLL)
[116]. Finally, a jitter attenuator [117] is utilised to reduce the jitter from the clock signal generated

by the DLL as jitter on the clock could negatively affect the TDCs precision. Due to the nature of
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the jitter attenuator used, the frequency of the final clock signal was slightly increased to 131.25
MHz. This clock source is used for most of the system components including the TDC and
correlator. Some parts of the design, such as the USB bulk-transfer interface, are clocked at 48
MHz using the clock from the Cypress FX2 microcontroller present on the ZTEX FPGA module.

First in first out (FIFO) buffers are used to cross the clock domains.

Power Supply

Amplitude
Quantizer

TS~ STOP Channels

OCXO (Oven
Controlled Crystal
Oscillator)

Amplitude
Quantizer

ZTEX FPGA Module

Figure 48: The hardware platform developed during this work showing the main system components

Inside the FPGA, single shot circuitry is used to hold the result from the quantizer signal while the
TDC measures the time information, and the priority encoder resolves the 2-bit amplitude vector.
The input quantizer can be thought of as a 2-bit ADC, constructed from high-speed Low-Voltage
Differential Signalling (LVDS) output comparators [118]. A microcontroller and a 12-bit DAC allow
for the transfer function of the ADC to be controlled via software to a resolution of 1.22mV, through
a RS232/serial communication link. This is vital, as each step in ADC’s transfer function needs to

be adjusted to account for the detector’'s amplitude spectrum for varying photon number events.

If a comparator in the quantizer detects an input is above a threshold, the comparator will output
a high-level output signal. As the signal pulses from the SiPM are relatively short in comparison
to the FPGA’s approximate 7.6ns clock period, single shot circuits will store the value until being

reset. A block diagram of the single shots is shown in Figure 49. The input is routed the clock pin
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of a D-type flip flop while the D-input is held at VCC. This makes the flip flop trigger
asynchronously from the TDC’s clock which preserves the timing information. As the D input is
held at VCC, it is impossible to violate the setup and hold time requirements of the initial flip flop.
Two subsequent flip flops are used to reset the first flip flop. The output of the first single shot, at
the single photon threshold, is passed to the TDC to measure the time of the click, as any click
will always experience the single photon detecting comparator firing. At the same time, the
outputs of all the flip flops are sent to the priority encoder, which encodes the 4-bit thermometer

code into a 2-bit amplitude vector.

Single Shot Circuit

Vee

INPUT > Q— OUTPUT

ISYSTEM|
RESET

Figure 49: Single Shot Circuit block diagram showing the asynchronously triggered flip flop and the reset
signal path

The rationale behind the use of the single shots is twofold. First, the detector pulses expected
are much shorter than the ~7.6ns it takes for the TDC complete a measurement. Because of this
the system is likely to miss events as the TDC looks for the rising edge transition across two clock
cycles on the input to perform a measurement. The second reason behind their use is to ensure
that the input signal is held long enough for it to be synchronised to the system clock such that

the amplitude information can be reliably extracted with no issues regarding metastability.

The TDCs and correlator utilised in the FPGA design are a modified version of the TCSPC
instrument developed in [63]. The VHDL project was ported over to the Artix7 platform and was
modified into a TCPC instrument to accommodate the photon number resolving of a SiPM. This
also required new hardware to measure the detector’s pulse height. While there are two channels

with amplitude quantisation circuitry included on the hardware platform, only one of these
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channels is used throughout this work with the VHDL code only supporting the one channel. The

extra channel was placed there with future scalability in mind.

The instrument was controlled from a PC using a USB serial port powered by a FTDI FT232R
that was routed to the FPGA. This provided a way to control and configure the instrument,
allowing for the correlator state machine to be controlled without having to reprogram the FPGA.
A Cypress FX2 microcontroller present on the ZTEX FPGA module is used for high throughput
communication and configuration of the FPGA itself (bit file programming). Histogram data is sent
to the PC via the Cypress FX2 microcontroller. A program written in C was used to provide a real
time preview of the histogram data collected by the instrument for a single integration cycle while
also saving the histogram data into a CSV file, which were then used along with MATLAB scripts

to plot the data.

To power the instrument a 9V DC adapter was used in conjunction with a barrel connector on the
printed circuit board (PCB). Protection circuitry was employed on the power supply to protect from
overcurrent and reverse current. The DC input was used directly to power the FPGA module as
it has onboard regulators that accept an input voltage of 4.5V-16V. The voltage was then reduced
using linear regulators to 5V and 2.5V. Linear regulators were used to reduce noise on the critical
5V rail, which is used for all the components in the amplitude quantisation circuitry. The 2.5V was
used to provide power to the 10 bank voltage on the FPGA on which differential signalling was
used to comply with the LVDS_25 standard on Xilinx FPGAs.

4.3 Time to digital converter developed

The TDC is an essential part of the hardware correlator platform as its performance can influence
the precision of the measurements. A Nutt interpolation scheme is used for the TDC featuring a
coarse timer clocked at the 131.25 MHz system clock and the fine time interpolators utilise the
carry chain inside the FPGA. The SSP, linearity and transfer function of the developed fine time

TDC have been measured and presented below.

The SSP of the TDC was measured by histogramming a 1 MHz signal from an HP8082A pulse
generator applied between the START and STOP inputs using a 50Q splitter from Mini Circuits
[119] which effectively presented a small, fixed delay between the two signals due to the delay in

the cables as in Figure 50. The result of this would be a measurement of the jitter of the system
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and is shown in Figure 51 with the SSP measured with a FWHM of 107ps or 45ps RMS across
two channels, which is a single channel precision of 31.8ps. In this case we assume that the jitter

created by the 50Q splitter is much less than the jitter of the instrument.
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Figure 50: Diagram of experimental setup used for precision measurement

104 SSP

EAN
T

FWHM = 107ps
<

Count (events per bin)
w

N
T

2.3 24 2.5 2.6 2.7 2.8
Time (Seconds) x107°

Figure 51: Time to digital converter single shot precision with FWHM = 107ps (45ps RMS)

The DNL and INL were measured by histogramming the raw TDC output codes (before SCDT
calibration has taken place), which are an integer in the range of 0 to 511 generated by an
asynchronous input signal from an external pulse generator with no phase relationship to the
main OCXO used for the TDC, effectively performing a SCDT. This was repeated for 2
(approximately 17 million) hits from the asynchronous signal. The DNL was measured at (-1,

9.18) as shown in Figure 52, while the INL was measured at (-2.33, 23.1) as shown in Figure 53.
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Furthermore, the transfer function of the SCDT is shown in Figure 54 where the bin positions
relative to time are plotted. The TDC exhibits the ultra-wide bin phenomenon at approximately
bins 80 and 280. This could be potentially improved by reducing the delay line length and through

custom placement and routing on the FPGA.
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Figure 52: Time to digital converter differential nonlinearity measurement, DNL = (-1, 9.18)
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Figure 53: Time to digital converter integral nonlinearity measurement, INL = (-2.33, 23.1)
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Figure 54: Time to digital converter transfer function showing bin number to time
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4.4 Amplitude quantisation

The amplitude quantisation circuitry initially resistively splits the input signal from the SiPM and
routes it into four ADCMP604 variable threshold comparators. The thresholds of these
comparators are controlled by a 12-bit digital to analog converter (DAC) and are set during run
time using an onboard ATMEGA328P microcontroller which is controlled on the PC side by a
command line program that sends commands via the same FT232 USB serial port as the one
used for configuring the correlator that was mentioned in section 4.2. The routing of the serial
control from the microcontroller to the FT232 is done through the FPGA as the FT232 only has a
single serial input. The extra microcontroller was used due to familiarity with the platform for an
easier design and not an efficient one. This could be excluded in future revisions with the DACs
being directly controlled by the FPGA.

By analysing the SiPM data from the oscilloscope, the amplitudes of the various SiPM pulses
were determined in section 3.3.5. The peaks found in the histogram are assumed to correlate to

the average amplitude values for the various Nyp.¢0n l€Vels and these values are then used to

set the relevant threshold values of the comparators. Note that since only 4 comparators are

used, any Npporon = 4 events will be treated as Nypo0n, = 4 €VENts.

The outputs of the comparators are then utilised as the inputs to the single shot circuits in the
FPGA where a priority encoder then converts the thermometer code generated from the single
shots into a 2-bit vector. This whole system can be considered a 2-bit flash ADC with user
configurable step sizes for each bit. The 2-bit vector representing the amplitude information is
appended to the TDC output where it then gets passed to the correlator along with the time
information. The modified correlator then uses this 2-bit vector to determine the number of counts

to add to the bin located at the given time difference.
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Figure 55: Experimental setup used when simulating multi photon events for correlator

To verify the correlator functioned as intended with the 2-bit vector, the counts in the histogram
were monitored while simulating the various photon event levels. A signal from a pulse generator
was presented to both the START input of the TCPC instrument and the trigger input of a second
pulse generator. The second pulse generator output a delayed signal that was triggered using
the first pulse generator and was presented to the STOP input of the instrument such that the
amplitude could be adjusted to simulate the various multi photon events. A diagram showcasing
the experimental setup is shown in Figure 55. The thresholds of the comparators were set to be
0.5V apart starting from 1V such that the STOP channel amplitude could be increased to simulate
multi photon events. Hence, to simulate only single photon events the STOP channel amplitude
was adjusted to a level between 1V and 1.5V. The STOP channel amplitude was then increased
above 1.5V to simulate two photon events, above 2V to simulate three photon events and above
2.5V to simulate four photon events. The results of the correlations are shown in Figure 56 to
Figure 59 where the counts in the histogram are seen to increase proportionally to the number of

photons being simulated.
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Figure 56: Measurement of simulated N=1 photon events using instrument
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Figure 57: Measurement of simulated N=2 photon events using instrument
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Figure 58: Measurement of simulated N=3 photon events using instrument
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Figure 59: Measurement of simulated N=4 photon events using instrument
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A mean shift can be noticed across the correlations of the various photon events. This is due to
the constant level thresholding of the comparators which will always result in a time offset for
varying input thresholds [120]. A method for mitigating this time offset within the FPGA correlator
design was explored within this work, however, was not implemented into the instrument. The
proposed method for the offset correction was to measure the mean shift from the single photon
events to the two, three and four photon events when using the real values for the SiPM pulse
amplitudes at the bias voltage being used for the comparator thresholds. These values could then
be recorded in a look up table such that they could be used to subtract the mean shift from the

time difference based on the value of the 2-bit amplitude vector as of:

AT = STOP — START — (amplitude dependent mean shift) (4.1)

4.5 Time correlated photon counting

The input to the modified correlator of the instrument was a circular buffer created out of dual port
RAM. This allowed for tags from the TDC to be stored while the correlator was processing tags
and forming the histogram. The histogram itself was created in the FPGAs block RAM, with the
time differences from the TDCs being used as the addresses for the block RAM while the data at
the address contains the number of counts at the relative bin. Figure 60 shows a block diagram
depicting the path of the input to the correlator along with a visual representation of the process
of building histograms in the modified correlator. When a new time tag is sent to the correlator to
be processed it arrives along with the amplitude information. Once the time information is
processed the correlator decides based on the amplitude information the number of counts to

add to the relevant address in memory.
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Figure 60: Correlator design of FPGA instrument showing process of building histograms in block ram

The instrument was used to perform TCSPC with the SiPM while it was being pulsed by a laser,
coupled into a multimode fiber, with a pulse width of approximately 1ns. The laser driver was
connected to a HP8082A pulse generator running at 1 MHz, which also provided the START
reference. This measurement was performed at a light level of N,,, = 1.0, where N,,, is the mean
photon number per pulse. The result of this is shown in Figure 61, where only a single comparator
at the single photon threshold is used for the measurement. The measurement was then repeated
with all four comparators configured for multi photon detection using the values found in section
3.3.6 to perform a TCPC measurement, the result of which is shown in Figure 62. The 2-bit ADC
was used in Figure 62 which led to the increase in the number of counts. This confirmed that the
hardware correlator and the 2-bit ADC were working with a real SiPM by adding to the histogram
depending on the number of photons detected while preserving the timing information. The
multiple peaks in Figure 61 and Figure 62 are not related to the ringing effect noted in Chapter 3.
They are caused due to impedance mismatching when using the HP8082A pulse generator as

the driving electronics for the light source.
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Figure 61: TCSPC measurement performed on instrument using SiPM pulsed at Npp = 1.0
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Figure 62: TCPC measurement performed on instrument using SiPM pulsed at Npp = 1.0
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Further data obtained from the SiPM is shown in Figure 63 and Figure 64 performed at a much
slower repetition rate of 105 kHz with an iC-Haus iC-HSQ05 laser diode driver with a bin width of
30ps. Figure 63 is performed as TCSPC while Figure 64 shows the measurement when
performed with TCPC with the 2-bit digitizer working. The multiple peaks are no longer visible in
these set of results as they are in Figure 61 and Figure 62. This is due to the impedance matching
of the laser diode driver with the laser diode as well as the low repetition rate which is used. The
measurements were performed at a bias volage of 34.2V and a light level of N, = 2.3. The
ringing effect seen in the oscilloscope data from chapter 3 is also not present in these results that

were performed on the hardware correlator developed.
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Figure 63: TCSPC measurement performed on instrument using SiPM pulsed at Npp = 2.3
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Figure 64: TCPC measurement performed on instrument using SiPM pulsed at Npp = 2.3

4.6 Conclusion

In conclusion, this chapter introduced an instrument that was developed to perform TCPC
measurements in real time. The components for the system were implemented on a FPGA which
included the TDCs, the correlator logic and the histogrammer module. The TDC achieved a
precision of 31.8ps RMS along with a DNL of (-1, 9.18) and INL of (-2.33, 23.1). Extra circuitry
was used for the amplitude quantisation of SiPM pulses to resolve the number of photons within
a single excitation period with up to 4 distinct levels being quantised. The functionality of the
correlator logic was confirmed by simulating a changing pulse amplitude using two pulse
generators. Finally, an experimental comparison between TCSPC and TCPC was performed

using a SiPM showing a clear benefit in the number of counts in the histogram.

While the 2-bit ADC hardware behaved as intended, the hardware correlator had some
performance limitations which is why it was not used in the following Chapter 5 for further
measurements of TCSPC and TCPC. The hardware correlator performed as expected at lower
laser repetition rates, however, at higher rates the correlator state machine would have issues
keeping up with the number of detections made. The rate at which the hardware would start to

fall behind was experimentally tested to be approximately 2.5 MHz and higher.
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5.0 Light detection and ranging with silicon photomultipliers

5.1 Introduction

In this chapter, the benefit of using a SiPM with TCPC is evaluated along with an experimental
comparison to an iD100 SPAD using TCSPC. The detectors are measured in a range of tests
including the measurement of count rates to determine their ranges of usable excitation
frequencies, and correlations are performed at various light levels to determine the detectors
response with varying incident light. These experiments essentially measure the usable count
rates and the improvement in the process of TCPC over TCSPC. A comparison is presented at
the end of this section highlighting the key differences discovered from the data gathered between
the TCPC and TCSPC techniques when using the different detectors.

5.2 Detector linearity and usable count rate measurements for varying
mean photon number

STOP
SiPM » Frequency counter Pulze Generator
Ty
! Multimade fibre v
— ) Fibre bench ( —————————— Laser diode L Lazer driver

Figure 65: Block diagram of experimental setup for measuring detector linearity and usable count rates

The detectors were tested to measure the range of laser excitation rates that could be used before
the detector’s output started to go nonlinear. For this set of measurements, the PDEs of the
detectors as well as their coupling efficiencies were ignored. Instead, the count rate of the
detector was monitored while the mean number of photons in the laser pulses was tuned using
ND filtering until the detector rate reflected the photon probability expected. The experimental

setup for this process is depicted in Figure 65. For example, at a mean photon rate of N,,,, = 0.1
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the probability of a photon being detected within any excitation period should be 10% such that
using a laser excitation rate of 10 MHz with the SPAD, a count rate of 1 MHz is expected from
the detector. For the SiPM, the (count rate — dark count rate) was used as the dark count rate is
high enough to affect these measurements. The dark count rate was not excluded from the SPAD
measurement as it was low enough not to affect the result. Once the optical attenuation was
tuned to achieve the desired mean photon number, the pulse rate was adjusted while measuring
the count rates to determine the range of usable pulse rates for each of the detectors, or the
detector’s count rate dynamic range. Note the iD100 is rated to be stable up to a count rate of 20

MHz by the manufacturer [60].
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Figure 66: Measurement of count rates for iD100 SPAD performed at various light levels

The results of the count rate measurements at varying pulse rates were performed on each
detector at different photon probability rates and are shown in Figure 66 for the iD100 and Figure
67 for the SiPM. The count rates were measured using an FPGA based frequency counter with
20 seconds worth of data being taken for each point. The iD100 manages to stay linear until a
pulse rate of up to 20 MHz, except at the lowest photon probability of 10% where it provides a
linear increase in click rates for excitation rates up to 60 MHz. The 20 MHz figure is to be expected
from the datasheet [60] and is evident at the higher light levels as the dead time of the single pixel
detector is rated to be between 45-50 ns (a rate of 20 - 22.2 MHz).
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As the SiPM is an array-based detector composed of multiple pixels (620 in the MicroRB-10035),
the dead time for the individual microcells cannot provide us with an estimate for usable count
rates like in the case of the single pixel SPAD, as each subsequent photon is likely to land on a
different microcell. This and the added crosstalk probability the SiPM has due to it's the microcell
array structure makes estimating the usable count rates more difficult. The SiPM’s count rate was
measured at the single photon threshold for various mean photon numbers and it was observed
that at a photon rate of 0.1 the detector rate increased in a linear fashion until the laser excitation
rate was increased to over 50 MHz. At the highest measured photon rate of 4.14 the SiPM only
managed a laser pulse rate up to 7.5 MHz before the click rates started to go non-linear. This
reduction in the maximum count rate is expected, as there are more microcells firing in each
excitation period. The SiPM can be used at count rates up to 40 MHz at N,,,, = 1.0 with a detector
click rate of 35 MHz. The observed SiPM click rates are higher than the SPADs at the various
photon rates for the same excitation rates. As such it is concluded that the SiPM with a single
threshold can provide an advantage over the SPAD in applications only concerned with the

returned count values from the detector.
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Figure 67: Measurement of count rates for SiPM at a bias voltage of 33.4V performed at various light
levels using only single photon threshold

Using the threshold values for the various photon events of the SiPM mentioned in section 3.3.5,

the count rates of the multi photon events were also recorded then decoded. When the TCPC
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measurements were performed with the SiPM, the signal amplitude was compared against the
threshold values to infer the multi photon events. However, when using a frequency counter to
measure the count rates using the various threshold values the count rate of the single photon
events will also contain the two photon, three photon, and four photon events as shown in
equation 5.1. The same is true for the count rate of two photon events which contains the count
rate of three photon and four photon events, and the count rate of three photon events which also

contains the four photon events.

unfiltered rate(N,;) = rate(N;) + rate(N,) + rate(N3) + rate(N,) (5.1)
unfiltered rate(N,) = rate(N,) + rate(N3) + rate(N,) (5.2)
unfiltered rate(N;) = rate(N3) + rate(N,) (5.3)

Therefore, to use this data, the count rate of 4 photon events was subtracted from the three
photon event rate to get the decoded rate of three photon events. Afterwards, this decoding
process was repeated for the two photon events and single photon events. Once all the event

rates had been extracted, the total decoded count rate was obtained as of:

Decoded count rate = rate(N,) + (2 - rate(N,)) + (3 - rate(N3)) + (4 - rate(N,)) (5.4)
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Figure 68: Measurement of count rates for SiPM at a bias voltage of 33.4V performed at various light
levels using decoded multi photon events

The decoded count rates for the SiPM are shown in Figure 68 where the linearity of the multi
photon events can be seen to resemble that of the singles measurement at the lower light levels
up to N, = 1.0. While not immediately visible from the graph, the count rates at the higher levels
also follow the linearity of their singles counterparts, with all of them going non-linear at the same

excitation rates as their single threshold counterparts, around 7.5 to 10 MHz.

5.3 An experimental comparison of time correlated photon counting

and time correlated single photon counting light detection and ranging

5.3.1 Single photon avalanche diode correlations for varying mean photon number

TCSPC measurements were performed on the iD100 detector for a range of varying mean photon

numbers from N,,, = 0.1 to N, = 19.7 (measured at the fibre) as shown in Figure 70 to Figure
82. Figure 72 and Figure 73 show the TCSPC measurement in logarithmic scale for N, = 0.1
and N,, = 0.2 respectively, and they demonstrate that the dark counts in the histogram are

evenly distributed across the bins in the histogram. The experimental setup used when measuring
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the TCSPC data from the SPAD was identical to the one used for the SiPM in chapter 3 shown
in Figure 27 with more values under N,,,, = 1.0 (measured at the fibre) being tested for the single
pixel SPAD. The START and STOP data for the correlations are taken for a total time of 4ms
from a digital oscilloscope and processed using MATLAB scripts. The number of total counts
measured from the correlations with the SPAD are shown in Figure 69 highlighting a mainly linear
increase in count rates for the SPAD with the slope of the graph only starting to go nonlinear
towards the highest light levels which suggests that the SPAD is still not yet fully saturated since

if it were, a figure similar to that seen in the simulation in Figure 17 of chapter 3 would be expected.

4
10
250 -
.
2T o
/"ff
N ~
E /’ff
Jub] -
T15f -
T
=0
[=]
(]
=] i
= 1
o
[4F]
[}
0.5
0 . . . .
0 2 4 6 8 10 12 14 16 18 20

Mumber of photons per pulse

Figure 69: Measurement of iD100 SPAD count rates (per 4ms period) for varying Npp values
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Figure 70: TCSPC Measurement performed with iD100 SPAD at Npp = 0.1 where the FWHM is
approximately 1ns
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Figure 71: TCSPC Measurement performed with iD100 SPAD at Npp = 0.2 where the FWHM is
approximately 1ns
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Figure 72: TCSPC Measurement performed with iD100 SPAD at Npp = 0.1 shown with logarithmic Y axis
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Figure 73: TCSPC Measurement performed with iD100 SPAD at Npp = 0.2 shown with logarithmic Y axis
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Figure 74: TCSPC Measurement performed with iD100 SPAD at Npp = 0.31
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Figure 75: TCSPC Measurement performed with iD100 SPAD at Npp = 0.78
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Figure 76: TCSPC Measurement performed with iD100 SPAD at Npp = 1.57
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Figure 77: TCSPC Measurement performed with iD100 SPAD at Npp = 1.97
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Figure 78: TCSPC Measurement performed with iD100 SPAD at Npp = 3.13
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Figure 79: TCSPC Measurement performed with iD100 SPAD at Npp = 4.97
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Figure 80: TCSPC Measurement performed with iD100 SPAD at Npp = 9.9
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Figure 81: TCSPC Measurement performed with iD100 SPAD at Npp = 15.7
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Figure 82: TCSPC Measurement performed with iD100 SPAD at Npp = 19.7

5.3.2 Silicon photomultiplier range correlations for varying mean photon number

The previously measured amplitude values for the various photon event levels were used with
the MATLAB script for photon counting to perform TCPC. For every successful correlation, the
peak amplitude of the correlated SiPM signal was compared against the measured photon
number amplitudes and the number of photons corresponding to the signal amplitude was added
to the bin at the measured time. These measurements were repeated with the data for both bias
voltages (33.4V and 34.9V) previously acquired in section 3.3.5. Figure 83 and Figure 84 show
the number of counts in the TCPC histograms for each of the bias voltages compared with those
of TCSPC. The count rates were observed to have an increase of up to 236% over the count
rates in the TCSPC results with the SiPM previously acquired for a bias of 33.4V and an increase
of 202% in the count rates at a bias of 34.9V. The measured TCPC waveforms for both bias
voltages are shown in Figure 85 to Figure 92. The shapes of the measured TCPC correlations
match those of their TCSPC counterparts with both the correlated photons and some of the noise

photons.
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Figure 83: Comparison of SiPM Count rates using single photon events vs decoded multi photon events
for varying Npp values for 4ms period, Biased at 33.4V
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Figure 84: Comparison of SiPM Count rates using single photon events vs decoded multi photon events
for varying Npp values for 4ms period, Biased at 34.9V
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Figure 85: TCPC measurement with SiPM at Npp = 0.1, Biased at 33.4V
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Figure 86: TCPC measurement with SiPM at Npp = 0.1, Biased at 34.9V
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Figure 87: TCPC measurement with SiPM at Npp = 1.0, Biased at 33.4V
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Figure 88: TCPC measurement with SiPM at Npp = 1.0, Biased at 34.9V

90
M. Sadik, PhD, Thesis, Aston University, 2023



TCPC histogram
4000 T T T

3500
3000 1
2500 1

2000 1

Count

1500 |

1000

500

10 20 30 40 50 60 70 80 a0
Time (Nanoseconds)

Figure 89: TCPC measurement with SiPM at Npp = 5.0, Biased at 33.4V
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Figure 90: TCPC measurement with SiPM at Npp = 5.0, Biased at 34.9V
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Figure 91: TCPC measurement with SiPM at Npp = 10.0, Biased at 33.4V
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Figure 92: TCPC measurement with SiPM at Npp = 10.0, Biased at 34.9V

92
M. Sadik, PhD, Thesis, Aston University, 2023



5.3.3 Comparison

When normalising the counts of the detectors to exclude the PDE, the SiPM saw a benefit of up
to 140% in the count rates using TCPC when compared with TCSPC performed on the SPAD,
along with a benefit of 40% in the count rates over the SPAD after the SiPM counts were further
corrected for optical crosstalk. This comparison is shown in Figure 93 where the results have
been corrected to ignore the PDE of the detectors which were measured at around 3% - 4.2% for
the SPAD and 8% to 11% for the SiPM at a bias voltage of 33.4V (7V overvoltage).
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Figure 93: Measurement of Counts in the peak at varying mean photon numbers for the SiPM and iD100
SPAD with extra SiPM trace corrected for crosstalk. Values from the SiPM and SPAD shown have been
corrected for PDE

Furthermore, the signal-to-noise ratios (SNR) of the two detectors were measured for various
light levels with the results showing that the SPAD has a better overall SNR than the SiPM at
lower light levels, which is expected due to the much lower dark count rate. The SNR of the two
detectors behave very differently from each other, in the case of the SiPM the SNR is seen to
improve almost linearly as the light levels are increased. However, in the case of the SPAD,
logarithmic growth is observed in the SNR with the increasing light levels. This difference in SNR
curves is due to the difference in the noise factors in the two detectors. The SPAD only suffers

from noise in the form of dark count, whose value is not light dependent, and afterpulsing which
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has a small probability of occurring (0.5% for the iD100) which is why an increase in the SNR of

the detector is observed as the number of signal photons increase.

500 - -
—&—SiPM
450 [ | —=— 8PAD
400
5
O
2 350 [
I
2 300
Y
L 250t
=
=
& 200
=
I -y
5150 | o
w =l
100 | |
5p [P ___H...x
i oS
0 B . . . . . .
0 2 4 6 8 10 12 14 16 18 20

Number of photons per pulse (Npp)

Figure 94: Signal-to-Noise ratios of the detectors measured from the peak of the histogram to the noise
floor of the SiPM (biased at 33.4V) and the iD100 SPAD

While these noise factors also plague the SiPM, the detector also suffers from optical crosstalk
which is a noise property that increases with incident light and is defined as a probability of a
single incoming photon triggering a microcell which in turn triggers a secondary microcell. The
crosstalk in the SiPM is the main noise factor in the detector and because of its increase with the
amount of incident light we see a linear rise in the SNR of the SiPM. The SNR was measured for
both the detectors as both a difference between the signals in the peak to the noise floor, shown
in Figure 94, and as a difference between the total correlated signal photons to the total

uncorrelated noise photons.
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Figure 95: Signal-to-Noise ratios of the detectors measured from the counts of the valid signal to those of
the noise in the histogram using the SiPM (biased at 33.4V) and the iD100 SPAD

5.4 Conclusion

In conclusion, this chapter looked at the SiPM correlations when using TCPC and compared
them to TCSPC on a SPAD for varying incident mean photons per pulse. A significant benefit of
140% was observed in the count rates for TCPC with the SiPM when compared to those of
TCSPC with the SPAD as well as an increase of up to 236% over the counts in TCSPC with the
SiPM. Hence, confirming that there is a clear benefit in using TCPC with a photon number
resolving detector in high mean photon per pulse or high light level return applications.
However, at lower return light levels or mean photon number per pulse applications, TCSPC

with a SPAD is advantageous due to the far better noise floor.

This is further evidenced by the signal to noise ratio analysis, where the SPAD in TCSPC mode
offers a factor of 10 improvement over the SiPM for the peak to noise floor ratio. The result of
this signal to noise ratio issue with the SiPM is also evident in the resultant correlations, where
at low mean photon number levels, the peak in the correlation is barely visible and is of similar

height to the noise floor (Figure 80, Figure 81 for the SiPM at 0.1 N,,;,). However, the SPAD with

TCSPC can clearly resolve the peak at such mean photon numbers (Figure 67). However, the
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SiPM’s resultant TCPC correlations at higher mean photon numbers show far improved peak to

noise floor ratios (Figure 87 for example).

The SiPM operating in TCPC can outperform the SPAD regarding signal to noise ratio given
high enough mean photon numbers. However, detector linearity will limit the maximum extent to
which a SiPM can be operated at to ensure the correlations accurately reflect the optical time

domain signal.

In regard to applications, the SiPM TCPC approach is likely to have little benefit in quantum
optics experiments, quantum key distribution and similar fields due to the poor signal to noise
ratio at low mean photon numbers, mostly caused by the high dark count rate of such detectors.
This issue could be improved by reducing the number of microcells used in a SiPM, but this
would also reduce the dynamic range of the detector in terms of photon number resolving

capability and count rate.

However, TCPC could have considerable advantages in fields where high mean photon
numbers are feasible. Potential applications include automotive LIDAR, medical imaging
systems such as Positron Emission Tomography (PET), Fluorescence Lifetime Imaging (FLIM)
and Photon Absorption Spectroscopy Systems. Photon absorption spectroscopy systems are
of particular interest due to potential benefits TCPC offers to enable real-time monitoring of
greenhouse gases such as Carbon Dioxide (CO;) and Methane (CH.). However, detection of
such greenhouse gases would require different detectors to accommodate the absorption lines
of such gases. However, Discrete Amplification Photon Detector (DAPD) arrays [121] offer an

alternative using InGaAs, which might prove to be a line of future research.
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6.0 Future work

6.1 Scalability using ASICs and greenhouse gas monitoring

The instrument developed is not limited to use with SiPMs, as any photon number resolving
detector can be used with the correct thresholding values. However, there is considerable scope
to utilise this technology in combination with detector arrays. This would offer considerable
decrease in the required integration time in a typical imaging scenario, allowing for faster
acquisition. However, when working with detector arrays, the cost of scaling up the front end
circuitry used for amplitude quantisation will also rise significantly, as will the size and complexity

of the associated circuit board.

For such an approach, SiPM readout ASICs might offer a possible solution, in particular the
Citiroc 1A [122] which provides 32 channels of discriminators along with the included amplification
required for SiPMs in a small footprint. Using such an ASIC would be a cost effective way for up
to 32 photon number resolving detectors to be used with only 4 chips, with one for each photon
threshold. This is required as each IC has a common fixed threshold voltage for all 32 channels.
This would offer a considerable reduction in cost and circuit board complexity. A possible
approach is proposed below in Figure 96 for a potential 5x5 detector array system (a common

detector array size). However, 32 detectors could be utilised in a different detector array setup.

There will be a limit on the extent to which such ICs can be utilised to provide scalable interfaces
to photon number resolving detectors. This is due to the signal being essentially divided by the

splitter, there will be a point at which the detector’s output reaches the noise floor.
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Figure 96: A proposed hardware architecture to create scalable photon number resolving systems

Such technology is also of interest with other types of photon number resolving detectors. In
particular, the Discrete Amplification Photon Detector (DAPD) is a type of single photon sensitive
detector possessing high gain factors and low noise. These detectors can be used in the near
infrared wavelength along with a suitable laser system for gas absorption spectroscopy to
measure the concentration of greenhouse gases such as Carbon Dioxide (CO2) and Methane
(CHa).

The work presented in this thesis has formed a part of the SPLICE Innovate UK project (Single
Photon Lidar Imaging of Carbon Emissions). Hence, there is a great potential for this technology

to be taken further in gas imaging systems.

6.2 Mean shift mitigation for TCPC instrument

The TCPC instrument developed presents a mean shift across the various photon events as
mentioned in section 4.4 due to the constant level thresholding of the comparators which result
in a time offset for varying input thresholds. The observed mean shift is a thresholding effect of
the hardware and is not related to the ringing seen from the oscilloscope data in Chapter 3 and
Chapter 5. A method for mitigating this was introduced where the differences between the multi

photon event means, and the single photon event mean is stored in a look up table with the
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differences being subtracted from the calculated time difference as shown in equation 4.1. This

remains an area of interest for future implementation.
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7.0 Conclusion

Chapter 2 provided a review into the concepts and techniques used throughout this work. A
particular focus was given to TDCs and SiPMs as they were the main technologies explored
during this work. An overview of various techniques used to implement TDCs on a FPGA was
given along with methods used to calibrate TDCs and the common metrics used to identify a
TDCs performance. A background into SiPMs is given detailing their structure that allows them
to resolve photon numbers, the various noise factors which plague a typical SiPM, and the fast
output mode which is a capacitively coupled output mode for onsemi SiPMs with faster rise time
and shorter pulse widths over the standard SiPM output. A short introduction into LiDAR
technologies is provided with single photon LIiDAR, that typically uses TCSPC, being an area of

interest for this work.

In Chapter 3, an onsemi MicroRB-10035 SiPM module is characterised for use as a single
photon detector for TCSPC measurements. An enclosure for the SiPM is shown that has been
designed for the SiPM module with the electronics required to operate the device so that it
could be tested for various overvoltages while blocking out ambient light. The SiPM pulses were
recorded through a high bandwidth digital oscilloscope along with the START reference and
then post processed using MATLAB scripts to perform TCSPC.

The noise in the detector, in the form of dark count rate and crosstalk, was measured and
presented. The photon number resolving capabilities of the SiPM have been characterised for a
range of overvoltages. The SiPM was tested with various low pass filtering frequencies which
was observed to improve the peak to trough ratio of the various photon peaks when
histogramming the SiPM pulse amplitude spectrum. TCSPC measurements were performed on
the SiPM for various mean photon numbers with the detector found to be unable to resolve the
waveform properly at the lowest mean photon number of 0.1, where a SPAD is typically
operated at. This is due to the high dark count rate of the SiPM as it is a summed array of
SPADs which also sums the dark count of each of the SPAD microcells. Finally, the various
photon event levels for the SiPM were determined for the full range of overvoltage values to be

used later when performing TCPC measurements.

Chapter 4 presents a novel instrument for performing TCPC measurements in real time. The
main difference with TCSPC is the use of photon number resolving detectors such as the SiPM
to infer the number of photons within any detector pulse. The instrument was developed on a
Xilinx Artix7-200T FPGA platform with both the TDCs and TCPC logic block being implemented.

Extra care was given to the clock source for the TDC to be as jitter free as possible. The
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circuitry used to quantise the number of photons within a given pulse uses four high speed
comparators (one for each photon level being measured) along with the photon thresholds
found in chapter 3 to determine the number of photons within a pulse. Single shot circuitry is
used within the FPGA to keep the current state of the comparators until the FPGA can encode
the thermometer code from the comparators into a 2-bit amplitude vector. The 2 bit vector is
then passed to the correlator logic where it is used to add the appropriate number of counts to a

particular bin representing the measured AT.

The TDC used was measured to have a SSP of 45ps RMS along with a DNL of (-1, 9.18) and
INL of (-2.33, 23.1). The hardware was tested by simulating various photon event levels to
make sure the 2-bit amplitude vector was being used correctly in the histogram formation. The
instrument was then used to perform both TCSPC (only 1 comparator channel active) on the
SiPM and TCPC on the SiPM, with the results showing a clear gain in the count rates when
using TCPC. Such flexibility also offers the potential for such instruments to have considerable

commercial potential.

In chapter 5, the SiPM’s performance is experimentally evaluated and compared to an iD100
SPAD. The first of the comparisons was regarding the excitation rates able to be used with the
detectors with the two detectors using the same experimental setup. An increase of 140% was
observed in the SiPM count rates for TCPC over TCSPC using the SPAD along with a 236%
increase over the count rates of TCSPC using the SiPM. This confirms that there is a benefit in

using TCPC with photon number resolving detectors.

The signal to noise ratios of each of the detectors was measured and presented with the SNR
of the SPAD being a factor of 10 greater than the SNR of the SiPM. The SiPM is found to be
unable to resolve waveforms at a mean photon number of 0.1, where the peak of correlation is
at the same height as the noise floor. The SNR of the SiPM does see significant improvement
as the mean photon number is increased allowing for the optical waveform to be resolved. The
SNR of the SiPM does surpass that of the SPAD eventually but only at very high mean photon
numbers where the detector was measured to go nonlinear. Finally, possible applications for
TCPC are mentioned with photon absorption spectroscopy and imaging systems being the best
potential route as the TCPC technique can provide a significant benefit when used with high

light levels and is not suited for quantum applications like a SPAD.
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