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Abstract

Quantum sensing technology has emerged as a promising field with superior sensitivity and accuracy
in magnetic field sensing compared to conventional technologies. This breakthrough offers significant
prospects in the biomedical sector, particularly in the realm of medical imaging.

This project focuses on the implementation of quantum sensing using an array of single Nitrogen
Vacancy (NV) centers combined with an array of Single Photon Avalanche Diodes (SPADs). SPADs are
available in various technologies and forms. To identify the optimal SPAD for this specific application,
different SPADs with diverse parameters are designed on a chip using standard 40 nm TSMC process.
These parameters include active area, active area shape and metal shielding.

The research aims to validate and characterize the performance of these distinct SPADs. However,
during the validation tests, it was observed that the SPADs did not meet the criteria. The presence of
ESD diodes on the chip introduced a low resistance current path, thereby hindering the characterisation
process of the SPADs. Solutions to fix this problem and improve the system are provided.

The documented validation methods include general chip testing, establishing the I-V curves of the
SPADs and avalanche and quenching testing. In addition, the characterisation methods for junction
capacitance, dark count rate (DCR), photon detection probability (PDP) and time jitter are given.

For characterizing DCR and PDP a readout system is designed. It consists of an analog-to-digital
converter (ADC), FPGA and Arduino. The data is communicated continuously to a PC. The ADC is not
fully tested. On the other hand, the FPGA and Arduino are tested and verified to be sufficient for the
DCR measurements. The readout system is too inaccurate for PDP measurements. A recommenda-
tion on how to make the readout system sufficient for PDP is given.
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Introduction

This chapter will state the problem discussed in this thesis and give background information on Nitro-
gen Vacancy (NV) centers and Single Photon Avalanche Diodes (SPADs). Finally, an outline of the
remaining thesis is provided.

1.1. Problem statement
Here the problem statement will be elaborated on from a high overview down to the specifics.

1.1.1. Quantum sensing

Quantum sensing technology offers enhanced sensitivity and accuracy compared to existing technolo-
gies[6]. One area where this technology can have a significant impact is in the biomedical sector,
particularly in the field of medical imaging. This project focuses on utilizing magnetic fields for medical
imaging to identify and precisely locate cancerous cells within the body.

By incorporating quantum sensing, the precision and size of the imaging machine can be greatly
improved. Traditional imaging techniques, such as MRI machines, are typically large and bulky, limiting
their ability to provide real-time imaging. This results in the surgeon having to rely on his own senses
to distinguish healthy tissue from cancerous cells during surgery. Surgeons do not always get it right
even after years of training.[16]

To make sure that all the cancerous cells are eliminated, surgeons remove additional healthy tissue
around the suspected area [19], causing unnecessary harm to the patient. However, with the imple-
mentation of quantum sensing technology, the localization precision of the imaging process can be
enhanced. This enables more accurate and real-time tracking of cancerous cells, reducing the need
for excessive removal of healthy tissue.

Overall, quantum sensing technology has the potential to revolutionize medical imaging in the
biomedical sector. By improving the precision and form factor of imaging machines, it can aid in the
identification and localization of cancerous cells, ultimately leading to more successful surgeries and
minimizing harm to patients.

1.1.2. NV center and SPAD pairing

The quantum sensing implementation in this project is an array of single Nitrogen Vacancy (NV) centers
paired with an array of Single Photon Avalanche Diodes (SPADs). This setup should produce higher
precision than systems employing NV ensembles, due to the better spatial resolution. This is thanks
to knowing the exact location of the NV center and the ability to read out this specific NV center with a
SPAD.

The fluorescence output of an NV center changes when a magnetic field is present. This enables
the magnetic field strength to be calculated. The SPAD can detect photons and thus measure fluores-
cence. These paired sensors are placed next to the body to measure the magnetic field of the cells. A
visualisation can be seen in Figure 1.1.
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Figure 1.1: The setup for the bio-sensing implementations. The bio-sample is placed on top of a diamond with NV centers.
These are aligned to the SPAD array on the chip. When the green light excites the NV center it sends out a red light. The
SPAD is able to detect this photon. Image created by loannis Varveris.

1.1.3. SPAD characteristics

To optimise the system, the characteristics of the SPAD should be optimal for detecting NV center
fluorescence. SPADs are manufactured in many different technologies and forms. To find the optimal
SPAD for this use case, SPADs with different parameters are designed. The technology employed
as basis for these SPADs is the TSMC 40nm process. This process is chosen because of its world
class technology and form factor. SPADs built utilising the standard TSMC 40 nm process for NV
center fluorescence measurement is novel. The chip created with the different SPADs is shown in
Figure 1.2 and an image with active areas to scale can be seen in Figure A.2. The chip contains
twenty different SPADs. The SPADs differ in active area, active area shape and metal shielding. The
Table 1.1 shows these aspects per SPAD matched to Figure 1.2. The sensor will be placed next to the
body, therefore characterisation should be done in the temperature range between room temperature
and body temperature (37 °C).
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Figure 1.2: The SPADs on the chip grouped by their common cathode pin. The inner squares represent the SPADs. The outer
squares the I/O pads. The areas are not to scale.

1.1.4. Project overview and steps taken

The choice of SPAD design parameters consists of the following steps: design, validation, character-
isation, implementation. In this thesis validation and characterisation will be discussed. The design
of the different SPADs was done by Stein Fakkel and loannis Varveris of Delft University of Techonol-
ogy’s Quantum Integration Technology group led by Ryoichi Ishihara. During the validation the general
behaviour of the chip and the behaviour of the individual SPADs is verified, to verify if it matches the
expected behaviour. The characterisation consists of multiple measurements to characterise the indi-
vidual SPADs for different parameters. Finally, the SPADs can be compared and the best SPAD and
its corresponding parameters for detecting NV center fluorescence can be chosen.
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Table 1.1: Table of SPAD names with active area. *If no aspect is given, square SPAD with no extra metal is assumed.

SPAD name Active area (um?) Specialty*

A1 2x2
A2 4x4
A3 6x6
A4 8x8

B,C,D,E 12x12 circular active area
F1 10x10
F2 10x10 extra metal shielding
F3 14x14
F4 16x16
G1 18x18
G2 20x20
G3 26x26 extra metal on top of the active area
G4 36x36 extra metal on top of the active area

H1-H4 12x12
1.2. Theory

In this section, the theory behind NV centers and SPADs is discussed.

1.2.1. Nitrogen Vacancy Center

In this section the NV center will be discussed in more detail. First the technology behind it is explained,
followed by the behaviour that makes the NV centers so useful. Lastly, the readout of the magnetic
field using the NV center is discussed.

Nitrogen Vacancy Technology

The NV center is a point defect in a diamond where two adjacent carbon atoms are substituted by
a nitrogen atom and a vacancy [13]. The nitrogen atom has five valence electrons instead of the 4
carbon has. Three of the electrons will form covalent bonds with the neighbouring carbon atoms, the
last two are a lone pair. The vacancy has three unpaired electrons from its neighbouring carbon atoms,
of which two will form quasi-covalent bonds and the last one will form a bond with one of the remaining
electrons of the nitrogen atom, resulting in one electron remaining unpaired. This system presents a
spin and is called the NV° configuration. The NV center is free to trap a free-floating electron from the
conduction band, thus obtaining negative charge denoted by NV~ [11]. This NV~ configuration holds
all the properties needed for the intended application. For simplicity this configuration is referred to with
the term 'NV center’.

Behaviour of a Nitrogen Vacancy Center

The energy diagram of the NV center can be found in Figure 1.3. It consists of a ground state |g),
an excited state |e) and a shelving state |s). All these states are within the band gap of the diamond.
Without an external magnetic field there are two magnetic spin levels in both the ground and excited
state: |mg = 0) and |m, = +1).

Electrons can be moved from the ground state to the excited state with a green laser. The excitation
process is spin-conserving, so electrons that are in |0, g) will go to |0, e) when excited, just like electrons
with spin | + 1). In the excited state electrons can decay back directly to the ground state by emitting
a red photon (see Figure 1.3) with wavelength 600-850nm[13]. This decay path is radiative and spin-
conserving. Electrons with spin [m = +1) can also decay to the ground state through the shelving state.
This process is not spin-conserving. Electrons in | + 1, e) that decay non-radiatively predominantly,
through the shelving state, end up in |0, g). When exciting the system with a green laser for a sufficient
amount of time, most electrons will be in the |0) spin state. After typically a few microseconds the
system is in the |0) state with an accuracy approaching 95%.[13] When a system is initialized this way
it is possible to read-out its spin optically.[3][11][17]
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Figure 1.3: The energy diagram of the NV center. Two spin conserving decay paths and one indirect spin non-conserving
decay path are shown.[13]

NV Center Readout
There are multiple measurement schemes to readout NV centers. Two of these are: pulsed ODMR

(PU-ODMR) and continuous wave ODMR (CW-ODMR).[5][42] ODMR stands for Optically Detected
Magnetic Resonance.

In the CW-ODMR measurement scheme the green laser, microwave (MW) and read-out all happen
continuously at the same time. The green laser is used to constantly excite the electrons. At the
same time the microwaves (MWs) act on the electrons. At the frequency resonant to the |0) & | + 1)
transition the centers are excited. As discussed before in Section 1.1 this is apparent via a decrease
in fluorescence, which is also constantly read out. When the fluorescence is plotted against the MW
frequency, a dip is observed as seen in Figure 1.5d. When a static magnetic field is applied, the | + 1)
is splitinto | + 1) and | — 1), this is called the Zeeman effect. This is observed in the ODMR spectrum
by two dips instead of one as can be seen in Figure 1.4. The distance between the dips can be used
to determine the magnetic field. The magnetic field in the direction along the quantization axis of the
NV center can be determined with the following equation[13]:

_h

deﬂB
The PU-ODMR works mostly in the same way. The difference with CW-ODMR is that the NV center is
not constantly polarised with the laser and MWSs, instead they are pulsed. First the laser pulse is sent to
polarise the NV to my = 0 state. Then, the MW pulse is sent to drive the centers to the m; = +1 state.
After the MW pulse, the NV state is read. Instead of the frequency sweep, one frequency is tested per
cycle (Figure 1.5e). This method is more difficult to setup, but gives more accurate results.[4][5][7] The
fluorescence rates of NV centers is in the range of hundreds of kilo counts/s [5][13].

B, Av
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Figure 1.4: Fluorescence spectrum of a NV center where in a) there is no static magnetic field and in b) there is a static
magnetic field, thus showing the splitting of the dips known as the Zeeman effect.[13]

(a) {b) o2
Ramsey a
532 nm [l [ | o4
w2 w2
MW — T 0.0
|
Read [ | T o1 .
Tz
————
-n2k .

Free ;:moe;sion ﬁrne 'r‘
{c) {d)

CW-ODMR 100
— [ [CCW Av
sazom N @ G oss

|
MW 7 080
Read [N E 0.85
0.80
Frequency
(e) (M
Pulsed ODMR 100 1
532 nm I B T oo | Cpues &~
MW — Ty — E 0.80
Read B 2 m[
0.80
Frequency

Figure 1.5: Overview of Ramsey, CW-ODMR and PU-ODMR measurement schemes. (a) and (b) are applicable to the Ramsey
method, which will not be discussed in this study. (c) Schematic overview of CW-ODMR protocol. (d) CW-ODMR spectrum with
contrast C,, and linewidth Av. (e) Schematic overview of PU-ODMR protocol with MW pulse time t; ~ T,. (f) PU-ODMR
spectrum with contrast Cpy15eq @and linewidth Av.[5]
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1.2.2. SPAD Technology
In this section the SPAD will be discussed in more detail. First the working principal is explained. Next
the characteristics of the SPAD are given and elaborated on.

Working principal

A SPAD is a special type of photo diode. When a SPAD is biased below it's reverse breakdown voltage,
it can detect single photons[40]. In this state, biased below breakdown, negligible current flows through
the SPAD, until a photon hits the active area. This hit causes a sudden increase in current called an
avalanche. This avalanche takes place in nanoseconds and in a magnitude range of milliamperes.
The amount of avalanches can be related to the amount of photons that hit the SPAD’s active area,
enabling precise photon counting capabilities. This current spike needs to be quenched (Section 1.2.3)
to prevent damage to the SPAD and to rearm the device for a following photon. This involves lowering
the voltage over the SPAD. Quenching is complete when the voltage is reduced below or equal to the
breakdown voltage. After this, the SPAD can be rebiased to enable it to detect another photon. This
process is shown in Figure 1.6 and is further elaborated on in Section 1.2.3. SPADs operating with this
behaviour are called to be in Geiger mode.

Characteristics
A SPAD has several characteristics that determine its electrical behaviour and photon detection capa-
bilities. The characteristics are the following:

Dead time: The dead time is the time that the SPAD becomes inactive after it detects a carrier [28].
This inactive period lasts until the circuit has been quenched and the bias voltage is restored [18]. This
is largely determined by the quenching circuit.

Junction capacitance: The junction capacitance of a SPAD consists of the anode-to-cathode and
cathode-to-substrate capacitance and it impacts both the quenching and recharge time[10]. The ca-
pacitance is dependent on the applied voltage.

Dark count rate: The dark count rate is the frequency at which detection events are triggered by
non photo-generated (dark) carriers, i.e avalanches that are the result of thermally generated carriers,
afterpulsing effects or crosstalk in SPAD arrays. Itis dependent on excess voltage and temperature.[31]

Photon detection probability: The photon detection probability is the probability that a photon
in the active region of the SPAD triggers an avalanche. This is always less then one and it depends
on factors such as parasitic reflection, light's penetration depth, the excess voltage and photon wave-
length.[10][31]

Time jitter: It is defined as the uncertainty in time interval between the arrival of a photon on the
SPAD and when the avalanche is triggered [31]. Jitter is affected by excess voltage and SPAD technol-
ogy. Jitter measured at different wavelengths is compared to each other in literature.[15][22][25][27][38]
Vornicu, 1.(2019)[36] found time jitter at 447nm and 640nm to be 208ps and 188ps respectively.

Afterpulsing: Afterpulsing is a correlated noise. Itis caused by a trapped carrier left from a previous
avalanche. This carrier is trapped in an energy level close to the energy band. When these trapped
carriers are released, while the SPAD is sensitive to carriers, it could cause an undesired avalanche
known as afterpulsing. [29][31].

1.2.3. Quenching circuit

As mentioned before, the general idea behind the quenching circuit is to bring the reverse-biased volt-
age, which is the breakdown voltage together with the excess voltage V4 + V., down to the breakdown
voltage, reducing the current to close to zero. Then, to re-arm for the next photon, the SPAD is rebiased
back to V4 + V.. As can be seen in Figure 1.6.

There are two quenching circuit types: active and passive. Active quenching circuits use transistors to
increase the quenching speed [39]. Passive quenching circuits use passive components like resistors
to quench the avalanche. The advantage of an active circuit is faster quenching, faster recharge time
and adjustable dead time. The disadvantage is that this circuit is difficult to implement on a PCB. This
can be attributed to the pronounced impact of variations in gate lengths, as well as stray capacitances
and resistances on the behaviour of the circuit. The advantage of a passive circuit is its simplicity. The
disadvantage is the possibility of the SPAD triggering before it is fully recharged to the excess voltage.
Because of this, the dead time varies widely.[37]
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Figure 1.6: |-V characteristics of a SPAD. Before photon has reached the SPAD, the SPAD is biased above the breakdown
voltage in point A. When a photon hits on the active area of the SPAD it triggers an avalanche. The current rises (B). Next the
quenching circuit lowers the voltage below the breakdown voltage (C), after which the voltage is restored (A). [8]
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Figure 1.7: Time plot of the voltage over the ballast resistor. The voltage over the ballast resistor rises when a photon hits the
SPAD due to the increase in current, this is the quenching part. After that the voltage will go down again, this is when the SPAD
is recharged. [31].

The simplest quenching circuit is a passive circuit consisting of only a ballast resistor, R, typically in
the order of kQ. The resistor is connected in series with the SPAD, limiting the avalanche current. For

a quench to be successful, - should be smaller than the SPAD'’s latch current[10]. When a SPAD is

‘latched’, it remains in the avalanche breakdown state even after the excess charge has been removed
due to trapped charge carriers. The latch current is the minimum current required to keep the SPAD in
the ’latched’ state.

The diode’s recovery time to return back to its initial value is the exponential law RC constant of the
ballast resistor, R;,, and the SPAD’s reversed-polarized capacitance, Csp,p. To maximize the photon
detection probability (PDP), the recovery time should be minimized which is limited by the latch current

™ the photon counting frequency is highly de-
tch

pendent on the recovery time. Figure 1.7 shows how the voltage over the ballast resistor reaches the
excess voltage and then drops down exponentially to the ground level. Then this voltage will bounce
back to the excess voltage to be re-armed for the next photon [30].

Figure 1.8 is an example of a basic passive quenching circuit. The applied voltage is V, = Vp,4 + V,,
where V,, is the breakdown voltage and V, the excess voltage, which reverse biases the SPAD. The
product of the ballast resistance R;,, and the avalanche current should become larger than the excess

voltage for a quench to become successful. Therefore, R, = —Te__ Some variations of the passive

avalanche

quenching circuit contain an additional small sense resistor in series [10].

and Cspap, tr = RpCspap =
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Figure 1.8: Example of a basic passive quenching circuit. The SPAD is reversed biased with V, and the R, value is determined
by the avalanche current levels.

1.3. State-of-the-art analysis

In recent years, there has been research interest in different areas related to SPAD technology. One
of these areas focuses on enhancing the pixel density and fill factor of SPADs[33]. This resulted in the
development of the first SPAD camera with 1 mega pixel in 2021, utilising a pixel pitch of 2.2um[24].
An additional area explores the integration of SPAD technology into diverse applications, such as scin-
tillating fibers[12], spectrometers[32] and 3D range imaging[21]. Advancements in SPAD technology
are also being made through the integration of SPADs into emerging fabrication technologies. This
includes fully developed SPADs in 40nm technology[25] with the inclusion of microlenses and the first
steps in 28nm technology [2]. Besides this, the incorporation of more efficient absorption layer material
are enhancing the detection probability, like the use of a Germanium-on-Silicon achieving a peak PDP
of 38% at a temperature of 125K and wavelength of 1310nm in 2019 [35].

1.4. Thesis synopsis

The subsequent sections of the thesis are organized as follows: Chapter 2 presents the program of
requirements. The validation steps are outlined in Chapter 3, while Chapter 4 documents the character-
isation measurements. Chapter 5 delves into the discussion of the readout circuit required for specific
measurements. The findings and analysis of the measurements are presented in Chapter 6. Finally,
Chapter 7 concludes the thesis by summarizing the key outcomes and providing recommendations for
future research endeavors.



Programme of Requirements

As mentioned in Section 1.1.4, the goal of the project is to perform the validation and characterisation
steps of choosing SPAD design parameters for NV center fluorescence measurement. A recommen-
dation should be provided for the most suitable design of the SPAD that aligns with this goal, along with
the corresponding optimal excess voltage.

2.1. Validation requirements
It is important to validate the chip design and fabrication. The following aspects need to be validated:

» Correct connections to SPADs.
* Proper function of the 1/O ring.
» SPAD I-V behaviour matching literature.

» The quenching results match the simulation.

2.2. characterisation requirements

The following aspects need to be characterized to get a good idea of the electrical and photon detecting
behaviour.

» Breakdown voltage and resistance in breakdown.

+ Junction capacitance.

» Dead time: the period in which the SPAD cannot be triggered.
» Dark count: avalanche frequency without any photon hits.

» Photon Detection Probability (PDP) over the visible spectrum: probability that a sent photon trig-
gers the SPAD.

» Timing Jitter: delay between photon hit and avalanche.

The design and simulation of the quenching circuit require the knowledge of the breakdown voltage,
resistance in breakdown, and junction capacitance. An essential metric for assessing the efficiency of
the SPAD is the dead time, which is predominantly determined by the characteristics of the quenching
circuit. Another crucial aspect to consider is the dark count, which is an important noise effect. Both
the dead time and dark count have an impact on the Photon Detection Probability (PDP), which serves
as a primary indicator of the SPAD’s efficiency. Additionally, it is worth noting that timing jitter, although
a minor effect, plays a role as noise factor. Only room temperature conditions should be taken into
account, since other temperatures are out of the scope of this project.
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For dark count and PDP measurement, it is required to have a readout circuit. The readout circuit
requirements are derived from the project description, in combination with the NV center and SPAD
characteristics. These are as follows:

» Detect the spikes given by the SPAD and quenching circuit.
* 2 Mcounts/s readout capability.
» Continuous data logging to a PC.

* Operable in room temperature.



Validation

Before the SPADs can be characterised they need be validated to make sure that everything is working
as expected. To do this, it is important to verify the design of the chip. The chip consists of 32 I/O pins
and 20 SPADs with different active areas as can be seen in Figure 1.2 . The I/O ring consists of Electro
Static Discharge (ESD) diodes that go from a pad to Vdd in forward bias and diodes that go from a
pad to Vss in reverse bias. This connection can be seen in Figure 3.1a for three pads. These ESD
diodes prevent the SPADs from electro static discharge damage and overvoltage. One SPAD and its
connections to the pads and Vdd and Vss rails through the ESD diodes can be seen in Figure 3.1b. In
Figure A.1 the pinout can be seen for the whole chip.

Vdd

X_in X_out

SPAD 1 SPAD 2 SPAD 3 Vss

(a) Part of the 1/O ring. (b) One SPAD with all its connections.

Figure 3.1: The design of the chip.

3.1. General chip testing

To ensure the chip works correctly and the pinout matches the documentation the following items need
to be tested:

» The /O ring safety diodes from Vdd and Vss to every pin on the chip, in reverse and forward bias.
» SPADs in forward and reverse bias, to check pinout.

+ Basic |-V curve of the SPADs -2.5V to 2.5V.

* Basic |-V curve from OV to breakdown.

The ESD diodes found in the I/O ring of the chip are typically used up till 3.3V, beyond this voltage the
behaviour is unsure. The expected breakdown voltage of the SPADs is around 8V (Figure 3.4). The
ESD diodes are not rated for these voltages, therefore VVdd and Vss will be kept floating in upcoming
tests. The pinout of the chip is not well documented, therefore extra care has to be taken into account.

11
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To perform these and subsequent measurements, a ceramic DIP-32 package is chosen. This package
enables fast development by the pins from the package and easy connection to Perfboard (Dot PCB).
The disadvantages of this package are the parasitic capacitances added by the package and the socket
used to connect DIP package to the PCB. These capacitances are bigger than when the chip is glued
directly on a custom PCB.

Method

Testing circuit (Figure 3.2): A 100kQ resistor is used in series with the SPAD to limit the current as to
not damage the chip. The expected breakdown voltage from simulations, done with Cadence utilising
a standard p-diode with the same active area dimensions, is 8.9V (see Figure 3.4). The maximum
applied voltage is taken to be 10 V, just above the expected breakdown voltage. With this taken into
account and utilising a 100kQ resistor, the maximum current would be 100uA. The maximum current
before burnout of the SPADs is not well defined, due to nature of their novel design. Furthermore, the
TSMC guidelines[34] do not give clear indications on the maximum current for diodes. Therefore, the
maximum current is based on the maximum value for resistors with the inclusion of a safety margin.
Based on the maximum allowable current of a resistor of the same dimensions, in 40nm TSMC tech-
nology, an estimation of 100 pA is made. Therefore, this design should not damage the chip. A current
meter is present in series to track the current.

Figure 3.2: Chip testing circuit.

Testing sequence (Figure 3.3): First the safety diodes are tested in forward bias, by slowly increasing
the voltage while checking the current. This is then repeated with the SPADs. This procedure is also
used to check the pinout. If the current does not rise, the diode is connected in reverse bias therefore
the pinout is then reversed. Hereafter the SPADs are swept in reverse bias until breakdown. If an
expected |-V curve is seen the SPADs have passed the test.

ESD check SPAD check Confirm SPAD sweep

-2.5V to 2.5V -2.5V to0 2.5V Pinout to breakdown

Figure 3.3: Flowchart of general chip testing sequence.

3.2.1-V curve

The |-V curve measurement is done to confirm the diode behaviour of the SPAD and find the derivable
characteristics. These derivable aspects are used for the design of the quenching circuit. The internal
resistance of the SPAD in reverse bias is unknown. An estimate based on literature gives a range of kilo
Ohms for the reverse bias resistance.[41] The leakage currents of the SPADs are in the nano to pico
Ampere range, so noise is a very prominent factor here. Shielded cables are used to limit this influence.



3.2. |-V curve 13

The simulation of the IV curve for different pdiode models.
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Figure 3.4: Simulation of an I-V curve using different diode models. The model "pdio” has a breakdown voltage of -8.9V and
the model "pdio_250d33” has a breakdown voltage of -9.1V.

Three important aspects can be derived from the |-V curve: the breakdown voltage and the resis-
tance in the neutral and breakdown region. The breakdown voltage is the voltage at the point in the
I-V curve where the current starts to rapidly decrease, with respect to the leakage current [1]. Beyond
this point the SPAD gets into Geiger mode and thus shows avalanche behaviour. The neutral region
resistance is the resistance of the SPAD in reverse bias before breakdown. The internal breakdown
resistance is the resistance of the SPAD in reverse bias after breakdown. These resistances can be
found by taking the derivative of the |-V behaviour in these regions. These characteristics are important
for the design of the quenching circuit.

The leakage current is in the range of nano Ampere or smaller. The breakdown voltage is hard to
predict because it differs majorly between technology[15][20]. A simulation in Cadence of a standard
p-diode with similar dimensions gives a breakdown of around -8.9V (see Figure 3.4), while a paper
about 40nm SPADs found a breakdown voltage of -15.5V[25]. The same way the current increases
rapidly in forward bias, the current past breakdown decreases rapidly when a photon hits the SPAD.[15]
How rapidly the current increases/decreases depends on the resistance of the diode which is related
to the active area as can be seen in Figure 3.5. The breakdown voltage however does not depend on
the active area as can be seen in Figure 3.5b.

The simulation of the IV curve for different active areas. The simulation of the IV curve for different active areas.
— Al-2x2 021 — Al-2x2
H-12x12 H-12x12
44 — G3-26x26 —— G3-26x26
0.1
3 0.0
Z T o1
2 =
2 of g
3 3 -0z
2 -0.3
044
4
-0.5
—l‘ﬂ —I8 —‘6 —‘4 —IZ 6 2‘ —9‘.2 -9.1 —E; 0 —é 9 —é 8 —E;.'I
Voltage [V] Voltage [V]
(a) Simulation of an |-V curve with different active areas. (b) The I-V curve zoomed in around the breakdown voltage.

Figure 3.5: Simulation of an I-V curve using model "pdio” with different active areas.
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Method

To measure the |-V curve of the SPADs a voltage sweep is performed, during which the current is
measured. A current limit of 50uA is set. For the measurements a Source Measure Unit (SMU), more
precisely the Keithley 2636B, is directly connected to the SPAD. The sweep is done in two sets per
SPAD. First from 0V to 0.8V with steps of 0.02V in forward bias, second in reverse bias from 0V to 8V
with steps of 0.1V. This is done for all SPADs. Additional measurements were done with a Keysight
B2912A Precision Source/Measure Unit both over SPADs and over not connected pins of the chip, to
characterise the diodes of the 1/O ring.

3.3. Avalanche and Quenching

The decision for a basic passive circuit is made because of its implementation simplicity, as mentioned
in Section 1.2.3, while still fulfilling the requirements for the upcoming tests.[10] The configuration con-
sists of a large ballast resistor in the range of kilo Ohms followed by the SPAD and a smaller sense
resistor both in series. The sense resistor is added to convert the avalanche current to a reasonable
voltage that can be fed into an analog to digital converter.

With the found values of the |-V curve a ballast resistor of 47kOhm and a sense resistor of 4.7kOhm
are found utilising simulations (Figure 3.6) and formulas (Section 1.2.3). The simulations for this
quenching circuit (See Figure 3.6) give an expected peak of 400mV and a dead time of 200ns. These
simulations are based on two models created by Mita et al. [14][23].

The simulation of the quenching and recharge
with a sensing resistor of 4.7kOhm.

— Rb=47k
Rb=100k
1 —— Rb=470k

400 |

300

200

Voltage [mV]

100 ~

0.0 0.2 0.4 0.6 0.8 1.0
Time [us]

Figure 3.6: The simulation results with a sense resistor of 4.7k and a varying ballast resistor.

Method

The quenching of every SPAD is verified by attaching the SPAD to the quenching circuit, then the
voltage over the quenching system is increased till a pulse is seen or the current limit is reached.
The voltage over the ballast resistor (measured with a Fluke 177 multimeter) and the waveform of the
voltage over the sense resistor (measured with a Tektronix TDS2022C oscilloscope) are measured.
The measurement setup can be seen in Figure 3.7.
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NS

Figure 3.7: Quenching verification measurement setup.

3.4. Additional tests

If the SPAD does not show the intended behaviour the following tests are employed to find the cause.

» The chip is checked under a microscope to check for any damage or dirt. The damage can be
caused by burnout or scratches.

* The sense to ballast resistor ratio is changed, in favour of the sense resistor direction. This
increases the pulse amplitude measured on the output, therefore increasing the SNR (signal to
noise ratio). The total resistance should not be increased too much, otherwise the recharge time
will be too long.

» The system is isolated from noise effects coming from outside the system by putting it in a Faraday
cage. This decreases the noise, thereby increasing the SNR.

* The connection and I-V curve between two unconnected pins is checked, to check for unwanted
connections or behaviour.



Characterisation

To find out which SPAD is the most suited for this system, their characteristics need to be determined.
This consists of multiple measurements, which are elaborated on in the following sections. They include
junction capacitance, dark count rate, photon detection probability and time jitter. These characterisa-
tion measurements can only be done when the verification was successful.

4.1. Junction Capacitance

The junction capacitance of a SPAD impacts both the quenching and recharge time and it plays a
crucial role in improving the accuracy of the SPAD computer model used for simulation [41]. When
measuring the junction capacitance, it is necessary to account for various stray capacitances. To miti-
gate the effects of socket and PCB capacitances, the measurement is performed directly on the die of
the SPADs.

On the die, the capacitance between pads and the capacitance between metal wires must be con-
sidered. The pad-to-pad capacitance can be determined by measuring the capacitance between the
"Not Connected” (NC) pad on the chip and an adjacent pad. However, the metal-to-metal capacitance,
which arises from the adjacency of wires, is more challenging to eliminate. A reference measurement
between two non-connected wires located close together can be used to account for the metal-to-metal
capacitance.

Each SPAD consists of two junction capacitances: anode-to-cathode and cathode-to-substrate (as
depicted in Figure 4.1). Capacitance values of diodes differ when biased in the forward or reverse.
Since SPADs are operated in reverse bias, only the reverse bias capacitances are measured.

According to existing literature[41], the capacitance is expected to decrease as the DC offset in-
creases. The values expected are in the range of single pico Farad or hundreds of femto Farad.

A —AkFc ks
_r J

n
P

Figure 4.1: The physical model of the SPADs, showing the anode A, cathode C and substrate S. The p and n stand for p-type
and n-type silicon.

Method

Once the die is set up in the probe station, the probe station needles are utilised to establish connections
with the chip (see Figure 4.2 for the setup). Subsequently, the chip is moved downwards, disconnecting
it from the needles. At this stage, a calibration measurement is performed with the free-floating needles.
This calibration is necessary to account for the capacitance between the needles themselves and is
conducted prior to each measurement.

16
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For each SPAD, two measurements are conducted. The first measurement involves measuring the
capacitance from the anode to the cathode while keeping the substrate floating. The second measure-
ment entails measuring the capacitance from the cathode to the substrate while keeping the anode
floating.

These measurements are carried out using a Keysight 4284A Precision LCR meter. Capacitance-
voltage (CV) measurements are performed with a DC offset ranging from 0V to 7.5V, with 101 steps in
between, at a frequency of 1MHz and an AC signal amplitude of 0.1V.

ooboooood

SPAD chip

| Probe High B

| Probe Low

OoMnOoMmoOoOd
ooOoOooood

ooboooood

Figure 4.2: CV measurement setup using a probe station.

4.2. Dark count rate

The dark count rate (DCR) refers to the frequency at which the SPAD undergoes avalanche breakdown
without any incident photons being present. This measurement is done in the context of PDP analysis,
as it allows the subtraction of randomly triggered events from the genuine trigger events.

To determine the DCR, the SPAD is operated in a condition of complete darkness. The rate is then
measured by recording the frequency of avalanche events occurring in the absence of any external
photon stimulation. The dark count comprises various sources of noise, including avalanches triggered
by thermal carriers and trapped charges that remain after quenching these. Importantly, the dark count
events do not occur periodically but are randomly triggered. The DCR is influenced by the excess
voltage applied and temperature. The DCR is expected to be in the kHz range and linearly dependent
on the applied excess voltage[31].

Method

The measurement setup for dark count analysis utilizes the total readout system, as shown in Fig-
ure 5.1. The SPAD and its quenching and analog to digital converter (ADC) circuit are enclosed within
a box in a dark room. The box contains very small openings to accommodate necessary wiring while
making sure that no light comes in. The FPGA and Arduino components are positioned outside of the
box. With this configuration, the counts per second are measured for each individual SPAD, enabling
the quantification of the dark count rate.

4.3. Photon Detection Probability

The Photon Detection Probability (PDP) is the probability that a photon hitting the active region triggers
an avalanche.[31] This probability is measured for different wave lengths. The PDP is the prime factor
with which the different SPAD designs will be compared. The wavelength emitted by the NV center
(600-850nm [13]) is the most important area of the PDP spectrum. Afterpulsing has to be taken into
account with this measurement as the follow up pulses, which are not triggered by photons, can still be
detected. One way to prevent this, is to raise the threshold of the ADC above the second largest peak.
The PDP measurement should be done in a dark room with only the laser as a light source to
prevent additional triggers. The PDP peak efficiency is expected to be above 10% and be located
below 600nm. The PDP is expected to drop to single digits percentages around 850 nm.[31][36] PDP
is dependent on excess voltage. An increase in excess voltage leads to an increase in PDP [10][31].
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Method

A variable wavelength laser is used to trigger the SPAD. This laser is attenuated and split to a refer-
ence device (LaserComponents Count-10C) and the SPAD. This reference device has a predetermined
PDP. Using this, the PDP of the SPAD can be determined. The laser beam is bigger than the SPAD
itself, which needs to be taken into account when calculating the PDP. However, this difference can be
accounted for, since the beam size and the active area of the SPADs are known.

amount of detected photons
PDP =

total amount of photons

The measurement setup for the PDP measurement can be found in Figure 4.3.

( A

> SPAD

\ J
Laser J—)[Attenuation]—)[ Splitter ]— p N\

Photon multiplier
tube

Figure 4.3: Measurement setup PDP.

4.4. Time jitter

The timing jitter is defined as the uncertainty in time between the arrival of a photon on the SPAD and
when the avalanche is triggered. Jitter is affected by excess voltage and SPAD technology [31]. It
is also affected by the wavelength at which it is measured [36], therefore a picosecond laser with a
wavelength in the NV fluorescence range is chosen. From the acquired measurement results using
the setup shown in Figure 4.5 a Gaussian curve like in Figure 4.4 should be found. As can be seen in
the graph, the time jitter is the full width at half maximum (FWHM).
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Figure 4.4: The expected outcome of the jitter measurement. [15]

Method

For the jitter a picosecond laser, high speed oscilloscope (40Gs/s —resolution of 25ps) and reference
photo diode (PD) with predefined jitter are utilised. The laser first gets split to the reference PD and to
the SPAD via a Neutral Density Filter (NDF) (see Figure 4.5). The oscilloscope measures the outputs
of the SPAD and the PD using a trigger. Employing this setup a picosecond burst of photons is send



4.4. Time jitter

out and the time difference is measured. This process is repeated multiple times, hereby characterising
the statistical process. It is important to take the distance between the PD, SPAD and the splitter into
account; in one oscilloscope cycle (25ps) light moves 7.5mm. The probe input capacitance is also
important, this delays the measurement of the input pulse. The probe capacitances therefore should
be measured beforehand, and probes with similar capacitance are chosen. The SPAD jitter is then

calculated with the reference jitter of the PD.

Picosecond Laser

> » NDF
Y
Reference .
Photo osclloscone
Diode P

\ 4

SPAD

Figure 4.5: Time jitter measurement setup.




Readout

The purpose of the SPAD is to detect photons. When a photon hits the active area of the SPAD, a
current spike will occur. This needs to be detected and processed accordingly to determine the DCR
and PDP. This is the task of the readout system.

In the first section, the total system will be elaborated on. The sections after are each dedicated to
a specific piece of the system, beginning with the analog to digital converter (ADC), following up with
the FPGA and ending with the Arduino.

5.1. Total system

The overall goal of the readout system is to determine and communicate the counts per second con-
tinuously over a certain time period. An overview of the entire readout system is given in Figure 5.1.
Several general system requirements can be defined:

» The readout system needs to detect the spikes given by the SPAD and quenching circuit.
» The readout system needs to be capable of 2 Mcounts/s.
» The readout system needs to have a minimum resolution of 1 kcounts/s.

» The readout system needs to operate at room temperature.

The data should be continuously logged to a PC.

To be able to count the spikes given by the SPAD circuit, it is essential to first import the analogue
signal to the digital domain. This is done with the ADC. This digital signal then should be counted. This
data needs to be communicated to a PC, where the counts per second can be determined. For this it
should be known over which time period the counts were measured.

A comparator is chosen as the ADC. This device is a simple but adequate solution. Another ad-
vantage is that they are commercially available as DIP packages, which is needed for the dot PCB on
which the circuit is implemented. It also acts as an amplifier and can therefore directly be connected to
the next stage when the right comparator is chosen. Another advantage is that the threshold voltage
can easily be tuned to improve performance.

The counter is implemented on an FPGA. The main reason for using an FPGA is the flexibility and
ease of designing and testing hardware. The FPGA can also handle quick signals, which is necessary
for the rapid signal produced by the SPAD circuit and ADC.

An Arduino is used to facilitate the communication to the PC. The reason for not using direct FPGA
to PC communication is because developing on FPGA takes a lot of time, mainly due to a lack of
documentation and libraries. Communication would also need to be implemented from scratch, while
Arduino uses a higher level design language where communication is very easy. The Arduino IDE also
has a serial monitor, which makes logging data easy.

Because of its speed and ease of implementation, the Serial Peripheral Interface (SPI) protocol is
used for communication between FPGA and Arduino. Arduino has existing libraries that make pro-
gramming for SPI less challenging.

20
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5.1.1. FPGA to Arduino communication

As mentioned before, the signal given by the ADC needs to be counted for pulses and communicated to
a PC. The goal is to determine the count rate and therefore the counts need to be tallied over a known
time period. This introduces some timing issues. The count rate needs to be determined continuously
and thus the communication must be done in a smaller period of time than the time period of counting.

Another intertwined constraint is how long the time period of counting should be. The length of the
counting period together with the maximum allowable count rate determines the minimum data size.
The data size again is tied together with how long communication takes.

The FPGA is more precise than the Arduino and also has the ability to work in parallel, which the
Arduino can not. Therefore, all the timing is done on the FPGA, which also means that it is the master
in the communication. This way the FPGA can make sure that every data transmission is an amount
of counts over a predetermined time period and thus it is not necessary to communicate the time. The
Arduino is then set up to listen for communication and process it accordingly.

SPAD + _
Quencmng ”

Figure 5.1: The overview of the entire readout system.

5.2. Analog to Digital Converter

A comparator is chosen as the ADC. It is a relatively simple device, but it should abide a few require-
ments to be adequate for the system. First, its propagation delay needs to be low enough to handle the
quick voltage spikes from the SPAD. The SPAD current spikes rise last around 20 nanoseconds[10].
The propagation delay of the comparator should therefore be lower than 20 ns. Next to that, it should
be able to detect the input voltages from the SPAD and quenching circuit. Roughly, the minimum SPAD
current for a high input can be taken to be 0.4 milliampere[10], which results in a voltage of 1.9 V for a
sense resistor of 4.7 kQ. Also the input offset voltage needs to be negligible compared to this voltage.
The input bias or leakage current should also be negligible compared to the SPAD avalanche current,
which is minimally 0.1 mA.[10] Ideally, the high and low output voltages of the ADC should also be
compatible with the 1/0 of the FPGA so no extra amplifier is needed.

Even though the requirement for a DIP package limits the amount of comparators available, the
MAX903 from Maxim Integrated Products is a good fit for the project. This device has a propagation
delay of 8 nanoseconds, input offset voltage of 1 mV, input bias current of 4 uA, output high voltage of
3.5 V and output low voltage of 0.3 V.[26] All these device characteristics should be adequate for the
total system. The downside of this device is that it is very sensitive to parasitic capacitances and noise,
which can be solved with some filtering. The proposed circuit can be seen in Figure 5.2. The threshold
voltage is set by an external voltage source. The threshold is an important parameter in the system,
since it decides the length of the output pulse. If placed too low, noise can pass the threshold and thus
be detected as counts, which should be avoided.

Another option is a Schmitt Trigger inverter. These logic gates have the advantage of being more
resilient to noisy signals, due to its negative and positive going threshold values. The downside of such
a device is that it requires biasing and amplification to be compatible with the input signal. Because of
this, a Schmitt Trigger inverter is harder to implement than the comparator. Therefore the preference
is given to the comparator, but if the signal from the SPAD and quenching turns out to be more noisy
than expected, a Schmitt Trigger inverter can be implemented.
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Figure 5.2: Schematic of the ADC testing setup. All capacitors are utilised to filter out noise.

5.3. FPGA

As mentioned before, the FPGA is responsible for counting the pulse signal and providing the master
SPIl communication. To tie these modules together, a controller is needed. A block diagram of the FPGA
circuit is given in Figure 5.3. The FPGA available for this project is an Altera DE2-115 by TeraslIC with
the following important specs:

* 50 MHz clock.

* 3.3V I/O pin.

o ([ FPGA N

reset
>
reset counter read
Controller < y
SCLK
L MISO
: data
input N count . *
> Counter SPI Master MOSI
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Figure 5.3: Block diagram of the FPGA inner workings. The arrows give a rough depiction of the signals that connect the
modules. Note that every module is connected to the clock and reset signals. The thicker arrows represent a parallel bus.
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The counter is a simple clocked module. It checks for rising edges of the input signal and increments
a counter value. The counter value resets when the reset signal is set to high. The counter value is
continuously fed to the controller.

The SPI master module takes care of the SPI communication. It takes in data signals and sends out
the appropriate signals according to the SPI protocol. For the shared clock (SCLK) signal a frequency
of 2 MHz is chosen, because this can be nicely generated with the 50 MHz FPGA clock and is a nice
division of the 16 MHz of the Arduino Uno. The module also has a ready signal to notify when it is busy
sending or is ready to start sending. The code for the SPI master component is taken from the GitHub
of Jakub Cabal[9] according to the MIT license.

The controller takes care of the timing of the system. A simplified Finite State Machine (FSM)
diagram is given in Figure 5.4. It has a clock cycle counter to keep track of time. The controller uses
this to buffer and reset the counter when the predetermined counting period has passed. The buffered
count is then passed through to the SPI master module. When the module has signaled that it is
ready to communicate again, the controller goes back into the count state, which is reset during the
communication phase, just like the timer.

reset =1

communication ready =0

time < count period

fime == count
period

send state

communication ready = 1

Figure 5.4: Simplified FSM of the controller unit on the FPGA.

5.4. Arduino
The main job of the Arduino is to get the data from the FPGA and log it to the PC. The Arduino used
for this project was the Arduino Uno, with the following important specs:

* 16 MHz clock.

+ Digital pins that are compatible with the DE2-115 FPGA 1/O.

» SPI supported pins.

The Arduino is configured as a SPI slave device, awaiting data transmission from the FPGA through the
Master Out Slave In (MOSI) line. An interrupt service routine can be set up so that every data packet
can be logged to the serial monitor in the Arduino IDE. The Arduino is set up to receive data packets of
one byte per transmission. It is possible to extend this to a 32 bit system. The FPGA then first sends a
start byte of all ones. After that, each received byte is saved and when 4 bytes are received the data
is processed and logged to the serial monitor.

The Arduino and FPGA are connected with male-to-female jumper wires. The ground pins of both
boards are connected. The SPI output pins of the FPGA, which can be freely determined, are connected
to the following Arduino SPI pins:

+ Digital pin 13: SCLK (Shared Clock)

+ Digital pin 12: MISO (Master Out Slave In)
+ Digital pin 11: MOSI (Master In Slave Out)
« Digital pin 10: CS (Chip Select)



Results and Discussion

This chapter shows and discusses the results from the various tests and measurements that have been
done. It will kick off with the results from the validation test and then the results from the read out.

6.1. Validation

First all the connections were checked to see if the pinout was correct. Simultaneously the ESD diodes
and the SPADs were tested to see if they show diode behaviour as is described in Chapter 3. These
tests showed that a current is flowing in forward bias and none in reverse bias (in the range -2.5V to
2.5V). In four cases the in- and output were switched compared to the documentation, besides that the
pinout matched up. Also basic diode behaviour was seen on the ESD and SPADs (see Figure 6.1).

After it was confirmed that the safety diodes and the SPADs work from -2.5V to 2.5V the SPADs
were tested in reverse bias to find their breakdown points. This turned out to be around -6V. This can
be seen in Figure 6.1, where the preliminary |-V curve of SPAD H1 is displayed. Below roughly 7.0V,
the resistor is the dominant factor in the circuit which results in the slower decline of the curve. A more
precise |-V curve measured over a SPAD can be seen in Figure 6.2a, which has a breakdown voltage
of -5.5V. As can be seen in Figure 6.2b the measured |-V curve does not match up completely with the
simulation.

The preliminary IV curve of SPAD H.
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Figure 6.1: The preliminary I-V curve of SPAD H1.

24
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6.1.1. I-V curve

Now the preliminary |-V curve is established, more precise measurements can be done. A more precise
I-V curve measured over a SPAD can be seen in Figure 6.2a. The orange line indicates the breakdown
voltage, which is -5.5V. This breakdown voltage is found to be the same for all measurements. As
can be seen in Figure 6.2b the measured |-V curve does not match up completely with the simulation.
This can be due to the difference in design of the diode utilised in the simulation and the SPAD design

(Figure 3.4). A secondary explanation is the variation in breakdown voltages found in literature between
different technologies (see Section 3.2).

The IV curve of SPAD H. The simulation versus the measurement for SPAD H.
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(a) The I-V curve of SPAD H1 with a breakdown voltage of -5.5V. (b) The I-V curve of SPAD H1, the simulation versus measurement.

Figure 6.2: The |-V curve of SPAD H1. Left is the curve showing the breakdown voltage and right is the measurement
compared to the simulation.

After more careful examination it was found that a voltage sweep over two pins that are not connected
via a SPAD yield the exact same |-V curve (see Section 6.1.2 for explanation). This can be seen in

Figure 6.4a. This found curve is explained by the current flowing through the 1/0 ring and not the SPAD,
see Figure 6.3.
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Figure 6.3: The current path taken on the chip when the voltage between X_in and X_out exceeds the breakdown voltage of
the ESD diodes.

However, a distinguishable discrepancy in current exists between the measured current at the input and
output of the SPAD, and the current measured between the output of the SPAD and the unconnected
pin (see Figure 6.4a). This current difference amounts to approximately 4 yA at a reverse bias of
7.0V. Noteworthy differences in current are also observed when doing the same measurement twice,

as depicted in Figure 6.4b. In this case, the current difference is approximately 6 pA at a reverse bias
of 7.0V.
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Additionally, the current difference between pads due to their placing on the chip, is evaluated by
measuring various inputs and outputs, all connected to the Vdd pin. The results indicate significant
variations in the |-V curve depending on the specific pin to which it is connected (see Figure 6.5). For
example, the current difference between Vdd connected to the output of SPAD B or the input of SPAD D
is 15 pA at-7.0V. Based on the aforementioned information, it can be deduced that the current difference
between the input and output of SPAD H1, as well as the input of SPAD H1 and the unconnected pin,
is attributable to both the measurement setup and the differences in wiring length across the chip.

The IV curve over SPAD H and

from the input of SPAD H to the not connected pin. The IV curve from Vss to the input of SPAD H measured twice.
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Figure 6.4: The I-V curves relate to SPAD H1. Left shows the I-V curve of SPAD together with the curve from SPAD H1 to the
not connected pin. Right shows an |-V curve that is measured twice to show the current difference due to the SMU.
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Figure 6.5: The effect of pad placement on the chip is showed by plotting I-V curves that have one pin connected to the Vdd
(Left). Right shows the current difference between two of those measurements.

6.1.2. Avalanche and Quenching
The quenching tests do not line up with the expected behaviour (see Figure 6.6). The results were

often changing and did not show a predictable pattern. This test has revealed the chip does not work
as intended.
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The simulation versus the measurement.
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Figure 6.6: The simulation versus the measured dead time.

Additional test showed that the ESD diodes of the I/O ring are the cause of this problem (see Figure 6.3).
The breakdown voltage of the ESD diodes is measured to be -5.5V (see Figure 6.5a). When 7.1V is
applied from X_in to X_out in Figure 6.3, 6.4V is measured between Vdd and X_out and 0.7V between
Vss and X _out. The red arrows show the path taken by the current through the I/O ring and not the
SPAD (see Figure 6.3). There was no distinguishable difference found between the |-V curve over a
SPAD and SPAD pin to NC (see Figure 6.4a), therefore it can be concluded that breakdown voltage of
the SPADs is greater than 5.5V.

6.2. Characterisation

The validation stage of the chip was unsuccessful due to the ESD diodes having a lower breakdown
voltage than the SPADs. As a result, characterisation measurements could not be performed. Po-
tential solutions to overcome this obstacle carry high risks for the safety of the SPADs. One such
solution involves expanding the range of the |-V curve to identify an additional break point associated
with a SPAD. However, since the ESD diodes are past breakdown, increasing the voltage would lead
to an exponential rise in current flowing through them. This current increase has the potential to cause
burnout of the ESD diodes, with uncertain consequences and the potential to damage nearby com-
ponents. Alternatively, scratching the chip to disconnect the ESD diodes is not a suitable approach,
as the ESD diodes are situated directly beneath the I/O pads. Therefore it was impossible to do any
characterisation measurements.

6.3. Readout

The readout system is tested in two parts, the ADC and the FPGA and Arduino. First the ADC results
are discussed en next the FPGA and Arduino results are elaborated on.

6.3.1. Analog to Digital Converter

There is no way to test the ADC with a SPAD response, because of the I/O ring as mentioned before.
Therefore a function generator is used for testing. The circuit as shown in Figure 6.7 is created. The
test signal from the Tektronix AFG3021C function generator is set to be 20 ns wide pulse with a low
voltage of 0 V and high voltage of 0.4 V, which is lower than expected from the SPAD and quenching
circuit. For simplicity a square wave is taken. The positive input terminal and output terminal signals of
the ADC are measured on the Tektronix TDS2022C oscilloscope and are given in Figure 6.8. The input
signal is not as expected, because the speed of the signal is near the limit of the function generator.
The threshold voltage of the comparator is set to be 100 mV, which is low enough for the comparator
to be triggered. The rise time of the output seems to be higher than expected, which is likely due to the
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stray capacitances in the circuit. The same can be said about the fall time. When the high output period
of the test signal is increased, it is shown (Figure A.12) that the output reaches the high output voltage
of roughly 3.5V as expected. The comparator seems to be sufficient when the stray capacitances can
be lowered.

V. ——1uF —— 68nF

Signal Generator:
Square pluse

%E‘R@ LY

I
Compara% Output
Vin  —— 150nF

T NS

Figure 6.7: Schematic of the ADC testing setup. All capacitors are utilised to filter out noise.

Input and output of the ADC circuit.
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Figure 6.8: The in and output of the ADC with a test signal. The test signal has a frequency of 10MHz and a duty cycle of 20%.
It ranges from 0 to 0.4 V. The threshold of the ADC is set to 0.1 V.
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6.3.2. FPGA and Arduino

The system was first set up with one byte of data per transmission, which results in the counter con-
sisting of 8 bits. Because of this, the counter can count up to 256 counts. Using the maximum count
rate of 2 Mcounts/s, the maximum measure period is 128 us. The maximum resolution for this system
is roughly 7.8 kcounts/s. This can be improved with a longer measure period, but that decreases the
maximum count rate. The system is also tested for a measure period of 2 ms, since the dark count is
likely way lower than 2 Mcounts/s, but in the range of a few to a few tens of kcounts/s. This measure
period has a maximum count rate of 128 kcounts/s and a resolution of 500 counts/s, which is better
suited for dark count measurements.

To test the system, a pulse is generated on the FPGA and directly connected to the entire system.
The counts measured were logged and later converted to counts per second. The mean and standard
deviation were calculated and noted down. The results of these tests are given in Table 6.1. It can be
seen that the standard deviation is mostly because of the limited resolution. For the 2 ms period this
error is also generally low, with an exception of the 25 kcounts/s tested signal. This is likely due to the
fact that a bit is wrongly communicated. When looking at the counts for this test, it can be seen that
the error is almost constantly 16 counts, which directly corresponds to the fifth least significant bit. The
same logic holds for the other tests with a higher error than the resolution.

With an 8 bit system, there is no way of getting a maximum count rate of 2 Mcounts/s and a minimum
resolution of 1 kcounts/s. A solution to this problemis to increase the system to a 32 bit sytem. This way
the counter can count up to 232 ~ 4.3Gcounts. To get the maximum resolution with a maximum count
rate of 2 Mcounts/s the measure period should be approximately 2150 seconds, which is unacceptably
long. With a measure period of 10 ms 2 Mcounts/s can easily be measured with a resolution of 100
count/s.

However, this system was more difficult to realize. The Arduino has little to no support for commu-
nicating words of 32 bits over SPI and thus it has to split up into 4 bytes. This method was tried out
and gave good simulation results but bad results when realized. The communication was not continu-
ous and the received data was often nonsense. Further tests are needed to assess the source of the
problem.

Allin all, the system is found to either be fit for the maximum count rate of 2 Mcounts/s or an accuracy of
1 kcounts/s. If the system is successfully expanded to 32 bits, both requirements can be met. However,
the requirements have quite some margin. The PDP measurements can likely also be done with a lower
maximum count rate and thus better resolution. The maximum count rate of 2 Mcounts/s is a rough
estimation with high safety margins. When doing PDP measurements, the maximum count rate can
be determined more accurately, which is likely to be a lot lower than 2 Mcounts/s. The measure period
can be changed so that the maximum count rate is closer to the measured maximum count rate. If
this rate is indeed lower, a better resolution is obtained. For dark count measurements the system with
a measure period of 2ms is sufficient. To increase accuracy, the communication errors can be fixed.
Another downside is that there is no automatic way of saving the data and processing it immediately.
Right now the data is manually copied over from the Arduino IDE serial monitor to a csv file and then
processed with a Python script. This can be improved upon by automating the process.
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Table 6.1: Table of the readout results. For each test, the system was run for a few seconds. The data was converted to counts
per second and the mean and standard deviation was taken. Each column is for a different measure period noted at the top of
the column. Note that cps stands for counts per second.

Tested signal 128 us 2ms
0.5 keps - 707 £246 cps
1 keps - 1 +0 keps
2 keps - 2 0 kcps
5 keps - 5 +0 kcps
10 keps 13.9 +£3.2 keps -
12.5 keps - 12.4 +0.49 kecps
25 keps 2.3 £3.6 kcps 17.2 0.7 kcps
50 kcps 53.9 £2.3 kcps 50.2 0.4 kcps
100 kcps - 100.2 £2.9 keps
119 keps - 119.2 £0.2 kcps
125 keps 128.9 +£3.9 kcps -
250 keps 253.9 £3.9 kcps -
500 kcps 503.9 +3.9 kcps -
794 kcps 46 +2.5 keps -
1 Mcps 1.00 £0.01 Mcps -

1.5 Mcps

1.512 +0.00 Mcps




Conclusion

In conclusion, the ESD diodes were found to be functioning correctly, and the pinout of the chip was
verified. The SPADs exhibited expected behavior within the voltage range of -4V to 1V. However, be-
yond this range, the chip limitations, specifically the breakdown of the ESD diodes before the SPADs,
prevented further investigation of SPAD behavior. Consequently, an |-V curve was measured, but
quenching measurements and additional tests showed that the chip does not work as intended. There-
fore the measured I-V curve was not the |-V curve of the SPAD. The presence of the unwanted current
path caused by the ESD diodes, led to the omission of characterisation measurements. With the addi-
tional done measurements, it can be concluded that breakdown voltage of the SPADs is greater than
5.5V. It can also be concluded that the FPGA and Arduino part of the readout are suitable for dark count
measurements. For PDP not all requirements are met, however it is likely that the system will still be
adequate to obtain reasonable measurements. The ADC was not tested with the SPAD and quenching
circuit, therefore a conclusion on the total system cannot be made. If the stray capacitances can be
lowered, the system would be sufficient for the intended purpose.

Based on this research, the following recommendations are proposed:

In future designs, the ESD diodes in the I/O ring should be either removed or disconnected to prevent
the issues encountered with the current circuit (Figure 6.3). However, it should be noted that eliminating
the safety diodes introduces the risk of electrostatic discharge damage to the SPAD.

To minimize parasitic capacitances resulting from the socket and PCB, a custom-designed PCB can
be employed. By directly gluing the chip onto the PCB, the need for a socket and package, along with
their associated capacitances, can be eliminated.

The custom PCB should provide convenient connections for direct measurement of the SPADs for
the I-V curve. Additionally, it should incorporate path options for the SPAD, including a standalone
SPAD, a quenching circuit without ADC, and a quenching circuit with ADC. By incorporating breakout
points along the path, these options can facilitate easy execution of validation and characterisation
tests. Furthermore, integrating the quenching circuit and ADC on the same PCB would simplify the
measurement setup. A custom PCB would also allow for a better comparator, since it does not have
to be constrained to a DIP package.

Itis still recommended to increase the FPGA and Arduino system to 32 bits and look into the current
communication errors. The communication can also be improved by communicating directly between
FPGA and PC, so sources for errors are reduced. Also the processing of the data can be automated.
Ideally, the microwave frequency for the ODMR measurement can also be fed to the PC, so the ODMR
spectrum can be directly plotted.

Taking into account the aforementioned recommendations, the following future work is proposed: re-
design and fabricate the chip without the ESD diodes, replicate the steps performed in this thesis,
including chip validation and characterisation of different SPAD designs. An additional characteristic
that should be researched and measured is afterpulsing. Subsequently, improve the readout system
and finally select the optimal design and couple it with the NV center to further advance the research.
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Appendices

Here the chip documentation can be found and more graphs that could help understand the results a
bit more.

A.1. Chip documentation

Figure A.1 shows the chip layout and Figure A.2 shows the chip with the active area size. Figure A.3
shows the pinout of the DIP package that the chip is wirebonded onto.

Figure A.1: The layout of the chip. The three pins in the top left are Vdd, Vss connected to the substrate and Vss starting at the
top. The pin in the bottom left corner is not connected. All the other pins are in or outputs connected to SPADs.
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Figure A.2: The chip with the active area AxA um shown next to the SPAD. The 'c’ next to some SPADs mean it is circular and
the ’_s’ after one SPAD means it has extra metal shielding around it.
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Figure A.3: The pinout of the DIP package after the chip is wirebonded to the DIP. The in-output is in reverse bias. NC = Not
Connected. VSS_G is the VSS that is connected to the substrate of the chip.



A.2. Validation 35

A.2. Validation

Here the measurements setups are shown for various measurements as well as some additional re-
sults.

Measurement setups
Down below the measurement setups that were used for the various experiments are shown.

Figure A.4: The measurement setup including the power supply, the oscilloscope and the multi-meter used for the preliminary
I-V curve.

Figure A.5: This is a close-up of the PCB that is used for the measurements. The white box with headers next to it is the DIP
package with the chip on top. Furthermore, there are resistors and capacitors to make the necessary measurement setups.

Figure A.6: The measurement setup for measuring the more elaborate |-V curves.
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I-V curves

Additional I-V curves for the SPADs can be found here. Figure A.7 shows the preliminary IV curves for
a select amount of SPADs. Figure A.8 shows the IV curves of all the SPADS, as can be seen these
curves match each other closely. Figure A.9 shows the difference between the two different SMU’s that
were used. These curves are almost identical, and so the difference is negligible.

The preliminary IV curve of different SPADs.
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Figure A.7: The preliminary I-V curves for some SPADs.

The IV curve for all the SPADs. The IV curve for all the SPADs.
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Figure A.8: The I-V curves of all the SPADs. On the left the whole graph can be seen and on the right the graph is zoomed in
around the breakdown voltage. As can be seen the I-V curves match closely.



A.2. Validation

37

The IV curve of the same SPAD with two different SMU's.

The IV curve of the same SPAD with two different SMU's.
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Figure A.9: The difference in |-V curves between the two different SMU’s that were used. Left is the full I-V curve and right is

zoomed in around the breakdown voltage.
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A.3. Readout
ADC

Additional measurements for the ADC are shown here. In the figures below (Figure A.10, Figure A.11,
Figure A.12 and Figure A.13) the results are shown. The blue signal is the input signal and the orange

graph is the output signal.

Input and output of the ADC circuit.
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Figure A.10: The in and output of the ADC with a test signal. The test signal has a frequency of 10MHz and a duty cycle of
20%. It ranges from 0 to 0.4 V. The threshold of the ADC is set to 0.2 V.
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Figure A.11: The in and output of the ADC with a test signal. The test signal has a frequency of 10MHz and a duty cycle of
50%. It ranges from 0 to 0.4 V. The threshold of the ADC is set to 0.1 V.
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Input and output of the ADC circuit.
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Figure A.12: The in and output of the ADC with a test signal. The test signal has a frequency of 1MHz and a duty cycle of 50%.
It ranges from 0 to 0.4 V. The threshold of the ADC is set to 0.1 V.
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Figure A.13: The in and output of the ADC with a test signal. The test signal has a frequency of 1MHz and a duty cycle of 50%.
It ranges from 0 to 1.0 V. The threshold of the ADC is set to 0.4 V.
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Readout code

Here the code for the FPGA for the readout is displayed. First the file for the top level entity is given in the
file top level spi.vhd. This contains the controller (shown in controller.vhd), input counter
(shown in input counter.vhd) and SPl master module (shown in spi master.vhd). The test
signal generator module is given in the file input generator.vhd. The Arduino code for the 8 bit
system is given in readout SPI.ino. The data from the serial monitor of the Arduino IDE can be
copied to a csv file with the filename holding the format of [amount of bits]bits [measure pe-
riod] [tested counts per second].csv. This file can be read and processed by the Python
script as given in data processing.py.

top_level_spi.vhd

library IEEE;
use |IEEE.std_logic_1164 .ALL;
use |IEEE.MATH_REAL.ALL;

entity top_level _spi is

port(

clk ©in std_logic;

reset ©in std_logic;

input ©in std_logic;

SCLK : out std_logic; —— SPI clock

CS N : out std_logic_vector(0 downto 0); —— SPI chip
select, active in low

MOSI : out std_logic; —— SPI serial data from master
to slave

MISO : in std_logic —— SPI serial data from slave to
master

);

end top_level_spi;
architecture behaviour of top_level _spi is

component input_counter is

port ( clk : in std_logic;
reset : in std_logic;
input : in std_logic;
count_out : out std_logic_vector(7 downto
0)

);

end component;

component SPI_MASTER is

Generic (
CLK_FREQ : natural := 50e6; —— set system clock frequency in Hz
SCLK _FREQ : natural := 2e6; -- set SPI clock frequency in Hz (
condition: SCLK_FREQ <= CLK_FREQ/10)
WORD_SIZE : natural := 8; -— size of transfer word in bits,
must be power of two
SLAVE_COUNT : natural := 1 -— count of SPI slaves

);
Port (
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CLK : in std_logic; -- system clock

RST : in  std_logic; -- high active synchronous reset

-- SPI MASTER INTERFACE

SCLK . out std_logic; -— SPI clock

CS N . out std_logic_vector (SLAVE COUNT-1 downto 0); —— SPI
chip select, active in low

MOSI : out std_logic; -- SPI serial data from master to slave

MISO : in  std_logic; —-— SPI serial data from slave to master

-- INPUT USER INTERFACE

DIN : in  std_logic_vector (WORD_SIZE-1 downto 0); —-- data for

transmission to SPI slave
DIN_ADDR : in std_logic_vector(natural(ceil(log2(real (SLAVE COUNT

))))-1 downto 0); -- SPI slave address

DIN LAST : in std_logic; —-—— when DIN LAST = 1, last data word,
after transmit will be asserted CS N

DIN_.VLD : in std_logic; -- when DIN_VLD = 1, data for
transmission are valid

DIN_RDY : out std_logic; —- when DIN_RDY = 1, SPl master is ready

to accept valid data for transmission
—-— OUTPUT USER INTERFACE

DOUT . out std_logic_vector (WORD_SIZE-1 downto 0); —- received
data from SPI slave

DOUT VLD : out std_logic -- when DOUT VLD = 1, received data are
valid

end component;

component controller is

Generic (
WORD SIZE : natural := 8; —- size of transfer word in bits
, must be power of two
SLAVE COUNT : natural := 1 -— count of SPI
slaves
);
port ( clk : in std_logic;
reset : in std_logic;
count : in std_logic_vector(7 downto
0);
reset_counters : out std_logic;
DIN : buffer std_logic_vector(WORD SIZE-1 downto 0);

-- data for transmission to SPI slave
DIN_ADDR : out std_logic_vector(natural(ceil(log2(real(

SLAVE _COUNT))))-1 downto 0); —— SPI slave address
DIN_LAST : out std_logic; —— when DIN_LAST = 1, last data word,
after transmit will be asserted CS N
DIN_VLD : out std_logic; —— when DIN_VLD = 1, data for
transmission are valid
DIN_.RDY : in std_logic —-— when DIN_RDY = 1, SPI master is

ready to accept valid data for transmission

);

end component;
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constant CLK FREQ : natural
Hz

constant SCLK FREQ : natural := 2e6; -- set SPI clock frequency in Hz (
condition: SCLK_FREQ <= CLK FREQ/10)

constant WORD_SIZE : natural := 8; -—- size of transfer word in bits,
must be power of two

constant SLAVE COUNT : natural := 1; —-— count of SPI slaves

50e6; —-—- set system clock frequency in

signal count . std_logic_vector(7 downto 0);

signal reset_counters_in, reset_counters_controller : std_logic;

signal DIN_ADDR : std_logic_vector(natural(ceil(log2(real (SLAVE_ COUNT))))
-1 downto 0); —-- SPI slave address

signal DIN, DOUT : std_logic_vector (WORD_SIZE-1 downto 0);

signal DIN_VLD, DIN_RDY, DOUT VLD, DIN_LAST . std_logic;

begin

IC: input_counter port map(clk, reset _counters_in, input, count);

CTR: controller generic map(WORD_SIZE, SLAVE COUNT) port map(clk, reset,
count, reset _counters_controller, DIN, DIN_ ADDR, DIN _LAST, DIN_VLD,
DIN_RDY);

SPI: SPI_MASTER generic map(CLK FREQ, SCLK_FREQ, WORD_SIZE, SLAVE_COUNT)
port map(clk , reset, SCLK, CS N, MOSI, MISO, DIN, DIN ADDR, DIN_LAST,
DIN_VLD, DIN_RDY, DOUT, DOUT_VLD);

reset_counters_in <= reset or reset_counters_controller;

end architecture behaviour;
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controller.vhd

library IEEE;

use |IEEE.std_logic_1164 .ALL;
use IEEE.numeric_std. all;
use |IEEE.MATH_REAL.ALL;

entity controller is

Generic (
WORD SIZE : natural := 8; —- size of transfer word in bits
, must be power of two
SLAVE COUNT : natural := 1 -— count of SPI
slaves
);
port( clk : in std_logic;
reset : in std_logic;
count : in std_logic_vector(7 downto
0);
reset_counters : out std_logic;
DIN : buffer std_logic_vector(WORD SIZE-1 downto 0);

-- data for transmission to SPI slave
DIN_ADDR : out std_logic_vector(natural(ceil(log2(real(

SLAVE _COUNT))))-1 downto 0); —— SPI slave address
DIN_LAST : out std_logic; —— when DIN_LAST = 1, last data word,
after transmit will be asserted CS N
DIN_VLD : out std_logic; —- when DIN_VLD = 1, data for
transmission are valid
DIN_.RDY : in std_logic —-— when DIN_RDY = 1, SPl master is

ready to accept valid data for transmission
);
end controller;
architecture behaviour of controller is

type controller_state is (reset_state, count_state, buffer_state,
send_and_reset_state);

signal state, new_state : controller_state;

constant freq . integer = 50; —- frequency in MHz

constant s . integer = 1000000 * freq; -—clock cycles
in one second

constant ms : integer = 1000 = freq; —- clock cycles in
one milli second

constant us . integer = 1 = freq;—- clock cycles in one
micro second

signal clk_count, new_clk_count : unsigned(31 downto 0);

signal reset_clk_count : std_logic;

begin

process (clk)
begin
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if (rising_edge(clk)) then
if (reset = ’1’) then
state <= reset_state;
clk_count <= to_unsigned (0, 32);

else
state <= new_state;
if (reset_clk_count = '0’) then
clk_count <= new_clk_count;
else
clk_count <= to_unsigned (0, 32);
end if;
end if;

end if;

end process;

process (state, clk _count, DIN_RDY)

variable new_DIN : std_logic_vector (WORD_SIZE-1 downto 0);

begin

case state is
when reset_state =>
new_DIN := (others => '0’);
DIN_VLD <= ’0’;
reset_counters <= '1’;
reset_clk_count <= ’17;
new_state <= count_state;
when count_state =>
new DIN := DIN;
DIN_VLD <= ’0’;
reset_counters <= '0’;
reset_clk_count <= ’0’;
if (clk_count > 128 » us - 2) then --
minus two to take care of the offset
caused by the FSM
new_state <= buffer_state;

else
new_state <= count_state;
end if;
when buffer_state =>
new_DIN := count;

DIN_VLD <= ’0’;
reset_counters <= '0’;
reset_clk _count <= ’17;
new_state <= send_and_reset_state;
when send_and_reset_state =>
new_DIN := DIN;
DIN_VLD <= ’'1’;
reset counters <= '1’;
reset_clk_count <= ’17;
if (DIN.RDY = ’1’) then
new_state <= count_state;
else
new_state <= send_and_reset_state;
end if;
end case;
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98 DIN <= new_DIN;

99 end process;

100

101 process (clk_count)

102 begin

103 new_clk_count <= clk_count + 1;
104 end process;

105

106 DIN_ADDR <= (others => '0’);
107 DIN_LAST <= ’1’;

108

109 end architecture behaviour;
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input_counter.vhd

library IEEE;
use IEEE.std _logic_1164 .ALL;
use IEEE.numeric_std. all;

entity input_counter is
port( clk : in std_logic;
reset : in std_logic;

input : in std_logic;

O OWONOOOPWN -

—_ =

count_out : out std_logic_vector (7
downto 0)

12 )

13 end input_counter;

14

15 architecture behaviour of input_counter is

16

17 signal count, new_count : unsigned (7 downto 0);

18 signal input_high . std_logic;

19

20 begin

21

22 process (clk)

23 begin

24 if (rising _edge(clk)) then

25 if (reset = '1’) then

26 count <= (others => '0’);

27 input_high <= '0’;

28 else

29 if (input = '1’) then

30 if (input_high = ’0’) then

31 count <= new_count;

32 input_high <= '1°;

33 else

34 count <= count;

35 input_high <= input_high;

36 end if;

37 else

38 count <= count;

39 input_high <= '0’;

40 end if;

41 end if;

42 end if;

43 end process;

44

45 process (count)

46 begin

47 new_count <= count + 1;

48 end process;

49

50 count_out <= std_logic_vector (count);

51

52 end architecture behaviour;
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spi_master.vhd

2 —- PROJECT: SPI MASTER AND SLAVE FOR FPGA

3 ________________________________________________________________________________
4 —- AUTHORS: Jakub Cabal <>

5 —- LICENSE: The MIT License, please read LICENSE file

6 -- WEBSITE: https://github.com/jakubcabal/spi-fpga

7 ________________________________________________________________________________
8

9 library IEEE;

10 use IEEE.STD LOGIC 1164 .ALL;

11 use IEEE.NUMERIC STD.ALL;

12 use IEEE.MATH REAL.ALL;

13

14 -- THE SPI MASTER MODULE SUPPORT ONLY SPI MODE 0 (CPOL=0, CPHA=0)!!!
15

16 entity SPI_MASTER is

17 Generic (

18 CLK_FREQ : natural := 50e6; —— set system clock frequency in Hz

19 SCLK_FREQ : natural := 2e6; -- set SPI clock frequency in Hz (
condition: SCLK_FREQ <= CLK FREQ/10)

20 WORD_SIZE . natural := 8; -— size of transfer word in bits,
must be power of two

21 SLAVE_COUNT : natural := 1 -— count of SPI slaves

22 );

23 Port (

24 CLK : in  std_logic; —-— system clock

25 RST . in  std_logic; —-- high active synchronous reset

26 -- SPI MASTER INTERFACE

27 SCLK : out std_logic; —-—— SPI clock

28 CS N : out std_logic_vector (SLAVE_COUNT-1 downto 0); —— SPI
chip select, active in low

29 MOSI . out std_logic; —— SPI serial data from master to slave

30 MISO . in  std_logic; —— SPI serial data from slave to master

31 -- INPUT USER INTERFACE

32 DIN : in  std_logic_vector (WORD_SIZE-1 downto 0); —-- data for
transmission to SPI slave

33 DIN_ADDR : in std_logic_vector(natural(ceil(log2(real(SLAVE COUNT
))))-1 downto 0); -- SPI slave address

34 DIN_LAST : in std_logic; —— when DIN_LAST = 1, last data word,
after transmit will be asserted CS N

35 DIN.VLD : in std_logic; —— when DIN_VLD = 1, data for
transmission are valid

36 DIN_ RDY : out std _logic; —-—- when DIN_RDY = 1, SPlI master is ready
to accept valid data for transmission

37 —-- OUTPUT USER INTERFACE

38 DOUT : out std_logic_vector (WORD_SIZE-1 downto 0); —- received
data from SPI slave

39 DOUT VLD : out std logic -- when DOUT VLD = 1, received data are
valid

40 );

41 end entity;
42
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43 architecture RTL of SPI_MASTER is

44

45 constant DIVIDER_VALUE : natural := (CLK FREQ/SCLK FREQ)/2;

46 constant WIDTH_CLK_CNT : natural := natural(ceil (log2(real(
DIVIDER VALUE))));

47 constant WIDTH ADDR : natural := natural(ceil(log2(real (SLAVE COUNT
))));

48 constant BIT_CNT _WIDTH : natural := natural(ceil(log2(real (WORD SIZE))
));

49

50 type state t is (idle, first_edge, second _edge, transmit_end,
transmit_gap);

51

52 signal addr_reg : unsigned (WIDTH_ADDR-1 downto 0);

53 signal sys_clk_cnt : unsigned (WIDTH_CLK CNT-1 downto 0);

54 signal sys_clk_cnt_max : std_logic;

55 signal spi_clk . std_logic;

56 signal spi_clk_rst : std_logic;

57 signal din_last_reg_n : std_logic;

58 signal first_edge_en . std_logic;

59 signal second_edge_en : std_logic;

60 signal chip_select_n . std_logic;

61 signal load_data : std_logic;

62 signal miso_reg : std_logic;

63 signal shreg . std_logic_vector (WORD_SIZE-1 downto 0);

64 signal bit_cnt : unsigned (BIT_CNT_WIDTH-1 downto 0);

65 signal bit_cnt_max . std_logic;

66 signal rx_data_vld : std_logic;

67 signal master_ready . std_logic;

68 signal present_state . state_t;

69 signal next_state . state_t;

70

71 begin

72

73 ASSERT (DIVIDER_VALUE >= 5) REPORT ”condition :[lSCLK_FREQ I<=[ICLK_FREQ
/10” SEVERITY ERROR;

74

75 load_data <= master_ready and DIN_VLD;

76 DIN_RDY <= master_ready;

77

78 -

79 —— SYSTEM CLOCK COUNTER

80 -

81

82 sys_clk_cnt_max <= ’'1’ when (to_integer(sys_clk_cnt) = DIVIDER_VALUE
-1) else '0’;

83

84 sys_clk_cnt_reg p : process (CLK)

85 begin

86 if (rising_edge (CLK)) then

87 if (RST = ’1’ or sys_clk_cnt_max = ’1") then

88 sys_clk_cnt <= (others => '0’);
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89 else

90 sys_clk_cnt <= sys_clk_cnt + 1;
91 end if;

92 end if;

93 end process;

94

95 -

96 -— SPI CLOCK GENERATOR AND REGISTER

97 -

98

99 spi_clk_gen_p : process (CLK)

100 begin

101 if (rising_edge(CLK)) then

102 if (RST = 1’ or spi_clk_rst = ’1’) then
103 spi_clk <= '0’

104 elsif (sys_clk_cnt_ max = ’1’) then
105 spi_clk <= not spi_clk;

106 end if;

107 end if;

108 end process;

109

110 SCLK <= spi_clk;

111

112 -

113 -— BIT COUNTER

114 -

115

116 bit_ cnt_max <= ’1’ when (bit_cnt = WORD SIZE-1) else '0’;
117

118 bit cnt_p : process (CLK)

119 begin

120 if (rising_edge (CLK)) then

121 if (RST = 1’ or spi_clk_rst = ’1’) then
122 bit cnt <= (others => '0’);
123 elsif (second_edge en = ’'1’) then
124 bit_cnt <= bit_cnt + 1;

125 end if;

126 end if;

127 end process;

128

129 -

130 -— SPI MASTER ADDRESSING

131 -

132
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133 addr_reg_p : process (CLK)

134 begin

135 if (rising_edge(CLK)) then

136 if (RST = ’1’) then

137 addr_reg <= (others => '0’);
138 elsif (load_data = ’1’) then

139 addr_reg <= unsigned (DIN_ADDR) ;
140 end if;

141 end if;

142 end process;

143

144 one_slave_g: if (SLAVE_COUNT = 1) generate
145 CS_N(0) <= chip_select_n;

146 end generate;

147

148 more_slaves_g: if (SLAVE_COUNT > 1) generate
149 cs_n g : for i in 0 to SLAVE COUNT-1 generate
150 cs_n_p : process (addr_reg, chip_select_n)
151 begin

152 if (addr_reg = i) then

153 CS N(i) <= chip_select_n;
154 else

155 CS N(i) <= ’17;

156 end if;

157 end process;

158 end generate;

159 end generate;

160

161 -

162 -— DIN LAST RESISTER

163 -

164

165 din_last_ reg n_p : process (CLK)

166 begin

167 if (rising_edge(CLK)) then

168 if (RST = ’1’) then

169 din_last_reg n <= ’0’;

170 elsif (load_data = '1’) then

171 din_last_reg_n <= not DIN_LAST;
172 end if;

173 end if;

174 end process;

175

176 -

177 -—- MISO SAMPLE REGISTER

178 -

179

180 miso_reg_p : process (CLK)
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181 begin

182 if (rising_edge(CLK)) then
183 if (first_edge_en = ’1’) then
184 miso_reg <= MISO;

185 end if;

186 end if;

187 end process;

188

189 -

190 -— DATA SHIFT REGISTER

191 --

192

193 shreg_p : process (CLK)

194 begin

195 if (rising_edge(CLK)) then
196 if (load_data = '1’) then
197 shreg <= DIN;

198 elsif (second_edge en = ’'1’) then
199 shreg <= shreg (WORD_SIZE-2 downto 0) & miso_reg;
200 end if;

201 end if;

202 end process;

203

204 DOUT <= shreg;

205 MOSI <= shreg (WORD_SIZE-1);

206

207 -

208 -— DATA OUT VALID RESISTER

209 -

210

211 dout_vld_reg_p : process (CLK)
212 begin

213 if (rising_edge(CLK)) then
214 if (RST = ’1’) then

215 DOUT VLD <= ’'0’;

216 else

217 DOUT VLD <= rx_data_vid;
218 end if;

219 end if;

220 end process;

221

222 -

223 -- SPI MASTER FSM

224 -
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-— PRESENT STATE REGISTER
fsm_present_state_p : process (CLK)
begin
if (rising_edge(CLK)) then
if (RST = ’1’) then
present_state <= idle;
else
present_state <= next_state;
end if;
end if;
end process;

-—- NEXT STATE LOGIC

fsm_next_state_p : process (present_state, DIN VLD,

bit_cnt_max)
begin
case present state is
when idle =>
if (DIN_VLD = ’1’) then
next state <= first_edge;

else
next_state <= idle;
end if;
when first_edge =>
if (sys_clk_cnt_max = ’1’) then
next_state <= second_edge;
else
next state <= first_edge;
end if;

when second_edge =>
if (sys_clk _cnt_max
if (bit_cnt_max

else
next state <= first_edge;
end if;
else
next_state <= second_edge;
end if;

when transmit_end =>

if (sys_clk_cnt_max = '1’) then
next_state <= transmit_gap;

else

next_state <= transmit_end;

end if;

when transmit_gap =>

if (sys_clk cnt_max = '1°) then

next_state <= idle;
else

next_state <= transmit_gap;

end if;

"1’) then
"1’) then
next_state <= transmit_end;

sys_clk_cnt_max,
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281

282 when others =>

283 next_state <= idle;

284 end case;

285 end process;

286

287 —— OUTPUTS LOGIC

288 fsm_outputs_p process (present_state, din_last_reg_n,
sys_clk_cnt_max)

289 begin

290 case present_state is

291 when idle =>

292 master_ready <= ’'1’;

293 chip_select_n <= not din_last _reg _n;

294 spi_clk_rst <= ’'1’;

295 first_ edge_en <= '0’;

296 second_edge_en <= '0’;

297 rx_data_vld <= ’'0’;

298

299 when first_edge =>

300 master_ready <= '0’;

301 chip_select n <= '0’;

302 spi_clk_rst <= '0’;

303 first_edge_en <= sys_clk_cnt_max;

304 second_edge_en <= '0’;

305 rx_data_vld <= '0’;

306

307 when second_edge =>

308 master_ready <= ’'0’;

309 chip_select_ n <= ’0’;

310 spi_clk_rst <= '0’;

311 first_ edge _en <= '0’;

312 second_edge_en <= sys_clk_cnt_max;

313 rx_data_vld <= ’'0’;

314

315 when transmit_end =>

316 master_ready <= '0’;

317 chip_select n <= '0’;

318 spi_clk_rst <= ’'1’;

319 first_edge_en <= '0’;

320 second_edge_en <= '0’;

321 rx_data_vld <= sys_clk_cnt_max;

322

323 when transmit_gap =>

324 master_ready <= ’'0’;

325 chip_select_n <= not din_last_reg_n;

326 spi_clk_rst <= ’'1’;

327 first_ edge_en <= '0’;

328 second_edge_en <= '0’;

329 rx_data_vld <= ’'0’;

330

331 when others =>

332 master_ready <= '0’;

333 chip_select_ n <= not din_last _reg n;

334 spi_clk_rst <= ’'1’;

335 first_edge_en <= '0’;
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second_edge_en <=

rx_data_vid
end case;
end process;

end architecture;

<=
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input_generator.vhd

library IEEE;
use IEEE.std_logic_1164 .ALL;

entity input_generator is

port( clk : in std_logic;
reset : in std_logic;
output : buffer std_logic

);

end input_generator;

architecture behaviour of input_generator is

constant freq : integer = 50; —— frequency in MHz

constant s : integer = 1000000 = freq; —-—clock cycles
in one second

constant ms : integer = 1000 = freq; —- clock cycles in
one milli second

constant us . integer = 1 % freq;—- clock cycles in one

micro second

begin
process (clk)
variable clk_count : integer := O0;
begin
if (rising _edge(clk)) then

if (reset = '1’) then
output <= ’0’;

else
if (clk_count < (100 = us)) then
output <= '0’;
clk_count := clk_count + 1;
elsif (clk_count < (200 = us - 1)) then
output <= ’1°’;
clk_count := clk_count + 1;
else
output <= '0’;
clk_count := 0;
end if;
end if;

end if;
end process;

end architecture behaviour;
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readout_SPl.ino
#include <SPI. h>

volatile boolean received;
volatile byte Slavereceived;

void setup ()
Serial .begin(115200);
pinMode (MISO,OUTPUT) ; /1 Sets MISO as OUTPUT
SPCR |= _BV(SPE); /I Turn on SPI in Slave Mode
received = false;

SPI. attachinterrupt (); /l'Interuupt ON is set for SPI
commnucation

Serial.println (”Setuplicomplete”);

ISR (SPI_STC_vect) /l'lnerrrput routine function
{
Slavereceived = SPDR; /!l Value received from master if store in
variable slavereceived

received = true; // Sets received as True

void loop (){
if(received){
Serial . println (Slavereceived);
received = false;
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data_processing.py

import csv

import os

import numpy as np

import matplotlib.pyplot as plt

[

prefix_conversions = {"u”: 10%*%x-6, "m”: 10*x-3, "k”: 10%*%*3, "M”: 10%%6}

filename = ”"8bit_ 2ms_119kcps.csv”

mean_and_std = True
barplot = False

def main():
counts = read_csv_file(filename)

n_bits, measure_period, measure_period _multiplier, tested cps =
read_filename (filename)

cps = convert_counts_to_cps(counts, measure_period,
measure_period_multiplier)

mean, std = get_mean_and_std(cps)
print(f”Mean: {mean} +/- {std}”)

if barplot:
make_barplot(cps)

def read_csv_file(filename):
with open(filename) as csv_file:
csv_reader = csv.reader(csv_file, delimiter=",")
counts = []
first = True
for count in csv_reader:
if first:
first = False
continue

counts.append(int(count[0]))
return counts

def read_filename (filename: str):
filename = filename.split(”.csv”)[0]
infos = filename.split(”"_")

n_bits = int(infos[0]. strip(”bit”))

measure_period = int(infos[1]. strip ("ums”))

measure_period _multiplier = prefix_conversions[infos[1]][ -2]]

tested _cps = float(infos[2]. strip("Mkcps”)) * prefix_conversions[infos

[2][-4]]

return (n_bits, measure_period, measure_period_multiplier, tested_cps)
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def convert_counts_to_cps(counts, measure_period,

measure_period_multiplier):

cps = []

for count in counts:
# print(f”’{count}, {measure_period}, {measure_period_multiplier}”)
cps.append(round(count / measure_period /

measure_period_multiplier))
return cps

def get_mean_and_std(vals):
mean = np.mean(vals)
std = np.std(vals)

return (mean, std)

def make_barplot(vals):
unique_vals = np.unique(vals)
occurences = []

for unique_val in unique_vals:
occurences .append(np.count_nonzero(vals == unique_val))

print(unique_vals)
print (occurences)

plt.bar(unique_vals, occurences)

plt.title ("Barplotiofiithelireceivedilvalues”)
plt.xlabel (’Value’)
plt.ylabel(”Occurences”)

plt.show()

if _name__ == "_ main__"~
main ()
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