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                       (a)           (b)           (c) 

Figure 1.2. Rayleigh criterion for the minimal resolvable resolution. (a) Shows clearly 
resolved spots, where (b) is at the Rayleigh limit. (c) Shows two merged spots that 
cannot be resolved.   

The same resolution limitation applies when imaging more general structures. 
An example is shown in Figure 1.3. We cannot distinguish two line structures 
that are closer than the resolution from a single line structure. Both the single 
and double line will appear as a single line. In microscopy, biologists usually 
color cell structures with bright fluorescent dyes to label specific structure of 
interest or to increase the contrast. This technique is called fluorescence 
microscopy, because we label structures with bright dyes, fluorophores. 
Fluorophores are single molecules that can target specific molecules, proteins 
and other structures of interest. If a microscope detects an isolated fluorophore, 
it will be shown as a single PSF, a diffraction limited spot. 
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optimization. To date, the maximal reported frame rate available to SMLM is 
still limited to 3 000 frames per second (fps)10.  

However, since tens of thousands of images are needed to create a pointillistic 
super resolved image, the limited imaging speed slows the acquisition speed of 
super resolution images to multiple seconds and even minutes.  

1.2 SPAD technology 

To increase the imaging speed we need to introduce operational and 
architectural changes in detection and accumulation of photo-electrons. 
Photons could be counted by means of a direct photon to digital transformation, 
as opposed to accumulating photo-electrons in a fragile environment with 
thermal and other analog noise sources, as it is done in EMCCD and sCMOS 
imagers. This would increase the robustness and allow for higher imaging 
speeds. 

There exist a number of devices that perform photon to digital transformations, 
e.g. photo-multiplying tubes (PMT) and single-photon avalanche diodes 
(SPAD). PMTs are large sensors that are challenging to integrate in large arrays 
due to their bulky mechanical structure requiring vacuum to operate correctly. 
SPADs can be successfully integrated in large arrays since they are very similar 
to standard microelectronic chips fabricated in complementary metal-oxide 
semiconductor (CMOS) technology. In fact, SPADs can themselves be fabricated 
in standard CMOS and CMOS image sensor (CIS) technologies.  

A SPAD is a photodiode that is capable of triggering electrical avalanches upon 
detection of a photon. The generic structure of a SPAD is shown in Figure 1.4. 
Photons are absorbed (generating an electron-hole pair) by the semiconductor 
lattice (silicon or other semiconductors). The electric field of the depletion 
dipole generates current if the photons are absorbed close to the depletion 
layer. 
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Figure 1.4. Reverse-biased photodiode. We create a depletion region at the p-n 
junction by applying a reverse bias. At high reverse bias, a multiplication region is 
formed closer to the more doped layer (in this case the p layer), where carriers are 
accelerated (and multiplied) to create an avalanche. Photons absorbed in the drift 
region are creating avalanches after drifting towards the multiplication region.   

A high electric field creates current avalanches if SPADs are operated above 
breakdown voltage VBD, at the operating voltage VOP=VBD+VE (VE is the excess 
bias). Above breakdown, electron-hole pairs are abruptly accelerated and 
generate impact ionization. The SPADs then operate in so-called Geiger mode, 
where a detected photo-electron generates an avalanche. In passive quenching 
regime, the avalanche current is quenched by a ballast resistor. The same 
resistor is used to sense the current by generating a fast voltage pulse, thus we 
achieve a photon-to-digital converter. A SPAD usually comprises a junction 
between a highly doped p+ layer and an n well, shown in Figure 1.5.  

p+

Deep n well
n well

n+n+

p substrate

 

Figure 1.5. A typical implementation of a SPAD in a standard CMOS process, with a 
ballast resistor in series. The depletion region is in this case formed between the p+ 
and n well layers. The side and bottom n layers are used for connectivity with the n 
well.  

SPAD pulses usually have a rising edge of a few nanoseconds and a jitter of 30 
to 100 ps; the pulse width is between 10 and 100 ns. This implies that at most 
one photon can be detected every 10 to 100 ns. The maximum imaging speed in 
these cases is thus 400 kfps (or 40 kfps in case of 100 ns dead time) for a single 
measurement with 255 different gray values (from black to white) assuming 
accumulation of subsequent pulses is used to form the gray levels. 
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SPAD imagers are arrays of SPADs11 that enable high timing resolution and are 
thus suitable for time-resolved and high-speed applications12. For example, a 
distance can be measured implicitly by the time taken by light to travel from a 
laser source to an object and back to the detector. Inherently, SPAD imagers 
have a high photon response uniformity13,14 and zero readout noise.  

However, the early digitalization of photon counts within the pixel14 comes at 
the cost of a somewhat lower fill factor and a lower photon detection 
probability (PDP). Noise expressed in terms of dark count rate (DCR) is still high 
in many CMOS SPAD implementations. Single photon outputting and high 
imaging speed induce extremely high data rates. Major design challenges 
remain before we can build a SPAD imager exceeding the performance of 
conventional image sensors. 

1.3 Main research question 

This brings us to the research question, which is the focus of this thesis:  

What are the advantages of SPAD imagers overcoming the main challenges, used 
in microscopy, compared to conventional EMCCD and sCMOS imager 
technologies? 

1.4 Outline of the thesis 
The thesis covers large format SPAD imagers, but it also discusses small format 
SPAD imagers. A graphical outline is found in Figure 1.6. 

Large format 
SPAD imagers

Small format 
SPAD imagers

PMT
Hybrid

EMCCD
sCMOS

Super 
resolution 
microscopy

Confocal 
microscopy

Chapter 5 Chapter 4

Chapter 2 & 3

 

Figure 1.6. Graphical outline of the thesis. 
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Single photon imagers are introduced in chapter 2 in terms of their basic 
performance like PDP, DCR, signal-to-noise ratio and dynamic range. The 
chapter includes large format SPAD, EMCCD and sCMOS imagers. Architecture 
differences yield significant changes in key performance. We discuss challenges 
and potential advantages of different state-of-the-art implementations. Chapter 
3 plots design challenges with an emphasis on scalability.  

Imager differences play a large role in image quality generated by the 
microscope. In chapter 4, we quantify image quality from different imagers. We 
show both benefits and drawbacks of using SPAD imagers in super resolution 
microscopy, and discuss how SPAD advantages can be employed in microscopy. 
How should we design SPAD imagers to maximize this advantages? 

Before concluding, a small format SPAD imager used for confocal microscopy is 
described and characterized in chapter 5. We present an application where the 
SPAD design is less challenging, but can lead to major improvements in image 
quality and detector cost.  

1.5 Contributions 
The contributions of this thesis are: 

1) Modeling of large SPAD image sensors 

Signal-to-noise ratio was looked at in the context of dynamic range. An active 
clock (recharge asynchronous to the SPAD activity) response was 
experimentally found to deviate from the active event-driven (recharge 
synchronous to the SPAD activity) response. We found mathematical models 
and confirmed them with simulation and measurement data (sections 2.2.4, 
2.2.5 and 5.1.4). We proposed a quantitative SNR decrease of -3dB as a measure 
for the extended dynamic range. Active event-driven recharge theoretically 
extends the dynamic range by ×75 compared to 1/Tdead (section 2.2.5.1). Active 
clock recharge extends it by ×2.84. 

Nonuniformity analysis was conducted, focusing on fundamental principles. We 
found that the photon-to-digital transformation offers photon response 
nonuniformity below 2%. Digital robustness mitigates analog noise sources 
found in charge accumulating imagers. However, DCR nonuniformity is a main 
concern for SPAD imagers. Finally, we compared SPAD with EMCCD and sCMOS 
imagers. Results are found if sections 2.3.2 and 2.4. 
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Figure 2.2. A SPAD with recharge logic. 

When n is comparable with 1/Tdead, then m will feature a nonlinear response to 
n. 

2.2.4.1 SPAD imagers with active event-driven recharge (architecture 
synchronous to the SPAD activity) 

Figure 2.3 shows the difference between synchronous event-driven and 
asynchronous clock recharge. If we recharge the SPAD synchronously with the 
detections, we implement the classical active event-driven recharge.   

Synchronous, 
event-driven 

Asynchronous, 
clock-driven 

 

Figure 2.3. Example of event-driven recharge and clock-driven recharge. 

The effect of the SPAD dead time with active event-driven recharge as a discrete 
diode sensor is well understood49.  Dead time affects the measured count rate 
m of a sensor, as described by the following equation: 

  
1 dead

nm
nT

� 
��

  (2.5) 
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indeed observed experimentally14. This signal response is similar to one 
observed by Sbaiz et al.52 and Fossum in the quanta image sensor (QIS) 
approach18, where more small binary pixels were used to build a larger virtual 
pixel with higher dynamic range. Figure 2.4 shows the response curves for the 
three different recharge cases. Note that the curves start to diverge from a 
linear response at around 10-20% of 1/Tdead. 

 

Figure 2.4. Modeled response curves for active event-driven (black), passive (red) 
and clock recharge (blue) with Tdead=50 ns, compared to a linear response that 
saturates at 20 Mcps. 

2.2.4.4 Shot noise change due to count suppression 
The SPAD saturates at a photon detection rate higher than 1/Tdead or 1/Treadout 
because of count suppression. Due to count suppression, the measured count 
number mi=m×t, where t is the integration time, has a lower shot noise. The 
variance for active event-driven recharge is53: 

 
�� ��

�� �� �� ��
�� ��

2
22

3 4

2 11
3 61 1i

dead
m dead dead

dead dead

nTnt nT nT
nT nT

�V � § � ·� �� �� ��� ¨ � ¸
� © � ¹� � � �

,  (2.13) 

where n×t=ni, the detected count number. 

 The variance for passive recharge is53: 
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At high ni, with shot noise dominated SNR, sCMOS has a higher SNR compared 
to EMCCD. SPADs have an advantage both for low and high light imaging 
because of the absence of readout and multiplication noise. However, relatively 
high DCR limits the SNR at low light imaging, while count suppression limits it 
at high light imaging. Due to count suppression, the SNR reduces when detected 
count rate n is comparable to 1/Tdead. The detection referred SNR is: 

 2 2
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n dark

n
SNR

� V � V
� 

��
  (2.19) 

A more detailed explanation of the count suppression phenomena is given in 
section 2.2.4. Figure 2.7 compares the SNR of the three imagers at different 
integration times. It is clear that EMCCD has a higher SNR (compared to sCMOS) 
at low number of detected photons due to a lower effective readout noise (1.3 
e- for sCMOS55). SNR for EMCCD and sCMOS is plotted up to the full well 
capacity, that is typically 180 000 and 30 000 electrons for EMCCD and sCMOS, 
respectively55,56. For SPAD, we used a DCR of 100 cps and a dead time of 100 ns. 
DCR degrades the SNR at longer integration times (33 ms) at the start of the 
dynamic range. The count suppression, on the other side, degrades the SNR at 
shorter integration times (1 ms) at the end of the dynamic range. Figure 2.7d 
shows the SNR comparison with respect to the incident number of photons. We 
used a QE of 100% and 70% for EMCCD and sCMOS, respectively. The SPAD SNR 
is plotter for a 40% PDE. The lower overall sensitivity translates the SNR curve 
horizontally towards the right, decreasing the SNR. Fill factor and the temporal 
aperture ratio particularly affect SPAD imagers and cause major design 
challenges.  
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where fADC is the ADC sample rate. sCMOS usually has a column parallel readout 
and thus: 
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In SPAD imagers, this equation reduces to: 
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High speed CAI increases the sensor readout noise33 and reduces the dynamic 
range (or increases quantization noise) due to tradeoff between sample rate 
and number of bits in the ADC65. For example, while increasing fADC in an EMCCD 
from 1 MHz to 10 MHz, the readout noise increases56 from 21 to 49 e-. CAIs have 
a fundamental tradeoff between frame rate and total readout noise. 

2.2.7 Nonuniformity sources 
Serial readout in EMCCDs mitigates the readout noise nonuniformity. sCMOS 
include charge pixel and column amplifiers, and ADCs. The pixel and column 
based electronics increase the nonuniformity66. The nonuniformity can be 
reduced by correlated double-sampling (CDS)67. 

In SPADs, dark noise nonuniformity is emphasized due to higher electric fields. 
In addition to dark noise, afterpulsing is also highly dependent on traps 
randomly distributed over the array. However, if the afterpulsing is on average 
low, it will not have a significant effect on nonuniformity14.  The photon 
response nonuniformity (PRNU) is manly caused by the breakdown 
nonuniformity that translates into PDP nonuniformity. Breakdown voltage 
standard deviation is in modern CMOS processes usually below 100 mV. Due to 
PDP saturation at higher operating voltages, the breakdown voltage deviation 
causes PDP nonuniformity below 2%14.   
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Figure 2.10. SwissSPAD block diagram with pixel circuit. Readout is performed in a 
rolling shutter manner. T12 is used for passive quenching, T1 and T2 for switching 
the SPAD on and off. T4 is used for global gating in time-resolved applications. T7 
and T8 form a memory loaded by T5 and T6. T9 is a reset transistor recharging the 
memory output at the end of each readout of the row. T11 is used to select the specific 
array row and transfer the memory value to the output line. 

The timing sequence of readout is shown in Figure 2.11. RS shows the gate 
signal at T9, while OE shows the gate signal at the select transistor T11. 

 

Figure 2.11. Timing diagram of the readout. Courtesy of Samuel Burri. 
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Figure 2.17. SwissSPAD DCR histograms at different temperatures. The median DCR 
decreases and the distribution becomes narrower and less skewed. 

The average DCR, dominated by hot pixels, decreases rapidly with temperature 
decrease (Figure 2.18), which indicates that hot pixels are trap-assisted (both 
thermal generation and trap-assisted tunneling)20. 

 

Figure 2.18. SwissSPAD measured DCR over temperature. The crossing of the dashed 
and dotted line indicates the cut-off temperature, at which band-to-band-tunneling 
DCR becomes dominant over trap-assisted DCR. However, the average, dominated by 
hot pixels, indicates that hot pixels are trap assisted and that the number of hot pixels 
can be reduced with a temperature decrease. 

SPAD imagers benefit if temperature control is implemented. It eases image 
correction and lowers the number of hot pixels. A good operating point is the 
cut-off temperature where the dashed and dotted lines from Figure 2.18 cross 
over. The DCR at temperatures lower than the cut-off temperature will not 
change drastically, since band-to-band tunneling becomes the dominant DCR 
mechanism. 
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Figure 2.24. Example of different responses. Detected count rate n is shown against 
incident photon flux i. 

m is firstly corrected for count suppression with (2.12). We then corrected it for 
the DCR offset and PDE around the normalized average value. Note the 
difference between the impinging photon flux i, the detected count rate n and 
the measured count rate m. The final correction for m is given by: 

 
�> �@ln(1 ) / DCR

PDE
readout readout

corr
n

m T T
m

�� �� �u ��
� ,  (2.30) 

where each pixel has its own PDEn(normalized around the average PDE), DCR 
and m values. 

The linearity L, displayed in Figure 2.25, is defined as: 

 1

2

1
A

L
A

�  � �   (2.31) 

where A1 is the area between the (PDE and DCR) corrected measured count rate 

mcorr and a linear response, i.e. corrm linear���³  and A2 the area between the linear 

response and the x axis, i.e. linear�³ . The curves are integrated from n=0 to 

230 kcps. 
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Figure 2.31. SwissSPAD imaging at different frame rates. Top image is a 165 kfps 1-
bit frame, bottom image is a 2.4 fps 16-bit frame. At a higher frame rate, one can 
observe the head of the sinus signal. The oscilloscope frequency is in this case lower 
than the frame rate. Courtesy of Samuel Burri. 

2.3.2.7 Intensity fluorescence 
We measured fluorescence intensity using a Leica SR GSD super resolution 
microscope (Leica Microsystems, Wetzlar), with SwissSPAD at one optical port. 
Figure 2.32 shows a widefield image of a cellular cluster magnified 10×. The 
microlens boosted PDE was here critical to enable high quality images. 

 
Figure 2.32. Widefield fluorescence imaging of BPEA cellular clusters labeled with 
MitoTracker Red CMX Ros, Alexa Fluor 488, and DAPI dyes (magnification = 10×). 
The dead column in the image is due to a false connection between the imager and 
the FPGA. 

Figure 2.33 reports fluorescence intensity images of samples stained with 
Safranin and Fast Green, having peak excitation wavelengths of 530 nm and 620 
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Figure 2.37. Compared region of interest with binned pixels, so as to match the size. 
The EMCCD (a) and SwissSPAD (b) exposure times are 10 ms and 83.2 ms, 
respectively, to match the average number of collected photons. The lateral bar 
shows the number of collected photons per exposure.  

EMCCD ni [counts per 10 ms]

SwissSPAD ni [counts per 10 ms]

 

Figure 2.38. Histograms of compared region of interest with binned pixels. (a) 
EMCCD histogram, (b) SwissSPAD histogram. 

Figure 2.39 shows images of the same cell obtained with EMCCD (a) and 
SwissSPAD (b); the exposure times were 10ms and 73.4ms, respectively, to 
match the number of collected photons. The scale shows the number of 
collected photons per exposure. 
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consumption. Inadequate design can directly lead to PDP nonuniformity. In this 
case, wider VOP lines and a meshed grid need to be used. 

3.1.1 Nonuniformity of timing signals 
If TDCs are built outside the SPAD array to increase the fill factor, like in the 
chip reported by Lindner et al.81, the pulses generated by the SPADs propagate 
through the whole array height/width before detected by the TDC. If we use the 
timing of SPAD pulses, repeaters are built to improve the rise time and signal 
integrity. 

Figure 3.2 shows post-layout SPAD timing pulses at the end of a 126 pixel 
column (a), and the repeater power consumption (b). The pulses propagate 
through the whole column with 8 repeaters per line, with 9 address lines and a 
timing line. Different colors in the figures indicate the SPAD pulse period (1, 2, 
4 and 16 ns separation between pulses). 

  

      (a)          (b) 

Figure 3.2. (a) Post-layout timing signals at the bottom of the column with different 
separations of consecutive pulses. (b) Maximum repeater current given for a SPAD 
firing at the top of the column and propagating to the bottom. Different colors in the 
figures indicate the SPAD pulse period (1, 2, 4 and 16 ns separation between pulses). 

Figure 3.3 shows IR drop effects with different SPAD pulse periods. It shows the 
worst-case scenario, when power is supplied through a single vertical power 
line connected to a voltage source at the bottom of the column. The 
consequence is a skew in the timing signal. In this case, an IR drop of 300 mV 
led to a rising edge skew of 200 ps. 
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      (a)        (b) 

Figure 3.3. (a) Post-layout repeater worst case VDD IR drop of a 126 SPADs event-
driven column with repeaters, at different pulse separation. (b) Timing skew due to 
voltage drops in the repeater power lines. Different colors in the figures indicate the 
SPAD pulse period (1, 2, 4 and 16 ns separation between pulses). 

3.1.2 Load balancing 
When designing timing critical signal paths, load balancing is important to 
ensure high uniformity. SPAD imager designers try to avoid repeaters through 
the array as to maximize the fill factor. The signal integrity is then compromised 
and the pixels further from the timing signal tree will have a higher gate jitter. 
Figure 3.5 shows the SwissSPAD gate width uniformity over the array. The gate 
width is defined by the falling edge of the recharge signal and falling edge of the 
gate signal (see section 2.3.2 and Figure 3.4).  

 
Figure 3.4. Pixel schematic with recharge and gate transistors. The recharge 
transistor was designed larger to be enable prompt SPAD discharge. 

In this design, the recharge transistor is larger than the gate transistor, leading 
to a higher load at the recharge signal path. The recharge and gate signals 
propagate from the bottom to the top. A higher recharge load thus delays the 

200 ps
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recharge signal and the sensitive gate becomes shorter at the top of the array 
(see Figure 3.5). 

 

Figure 3.5. Sensitive time gate distribution over the SwissSPAD array, give in 
nanoseconds. Courtesy of Samuel Burri. 

In a newer version of SwissSPAD, known as SwissSPAD-2, we balanced the 
recharge and gate transistor and thus expect better gate uniformity over the 
array. Figure 3.6 shows a post-layout simulation of the two signals (recharge 
and gate) at the bottom (no load) and top of the array. The photon sensitive 
time window at the top will be shifted compared to the bottom. However, the 
time widow width will be uniform (in contrast to the implementation in Figure 
3.5).  

 

Figure 3.6. Post-layout simulation of the recharge (R) and gate (B) signal at the 
bottom left/right (no load, to estimate the horizontal mismatch) and top (delayed) 
array. Timing signals were fed through a signal tree to horizontally balance the 
parasitic capacitance (left right). Vertically, timing signals exhibit classical RC delay, 
but recharge and gate are matched. 

3.2 Handling large data rates 
SPAD imagers generate large data rate because of the absence of photon 
accumulation or counters. Counters exponentially increase the time 
(denominator) in the data rate equation: 
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 12rate b
bit

hwbD
T��� , (3.5) 

where Drate is the data rate, h is the vertical pixel number, w the horizontal pixel 
number, b the counter number of bits and Tbit the time a SPAD can count one 
photon. In case a counter is implemented in the pixel, Tbit is equal to Tdead. Thus, 
the data rate decreases with b/2b-1. 

In low light conditions, the number of photon events is infrequent and sparse, 
thus we suggested the use of event-driven readout mechanisms. In this case, we 
send the address of the firing pixel and its count or timestamp, rather than the 
whole array information. When the scene is uniformly illuminated, the data 
amount is then the probability of one per pixel event P multiplied by 
log2(h)×log2(w)×h×w. P can be expressed as the number of fired pixels k divided 
by h×w. A low data amount is achieved just with a low event probability. Single 
events can be read out faster than the whole array, if speed is the requirement. 
Event-driven readout is beneficial for a low photon rate and sparse scene 
illumination. If we compare the event-driven readout with a frame-based 
readout, the data amount is smaller for: 

 2 2log ( )log ( )P h w hw hw��   (3.6) 

 
2 2

1
log ( ) log ( )

P
h w

��   (3.7) 

 
2 2log ( ) log ( )

hwk
h w

��   (3.8) 

For a 1024×1024 imager, this average per pixel photon detection rate should 
be 1%. For example, for time-correlated single-photon counting, the photon 
probability is set to less than 10% to avoid pile-up effects. This needs to be 
further multiplied by the fraction of pixels actually receiving photons (dark 
parts of image are not generating events), easily ending at lower than 1% pixel 
activity. 

Compression mechanisms can be used to lower the 1-bit frame data amount as 
it was done in FPGA in SwissSPAD. Under specific light conditions and known 
0/1 sequence probability, we can apply Huffman coding. This then, however 
requires dynamic Huffman coding for dynamic scenes. Figure 3.6 shows the 
data amount (not the data rate) for different compression and readout 
mechanisms at different illumination levels. Run length coding is shown for 
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uniform illumination. Here, the bit width of the run length code is kept constant 
for one illumination point and is log2(lengthmax). At extremely low and high 
illumination the data is send with few lengths with a large bit width. At medium 
illumination, few outliers increase the bit width while there is a large amount 
of interleaving lengths. The data amount is thus high for medium illumination 
(ni from 0.1 to 2). We developed a modified run length coding, a tradeoff 
between effectiveness and complexity. Data compression was implemented on 
a FPGA platform. It compresses the 1-bit data stream generated by SwissSPAD 
and lowers the data rate towards the PC or memory. A hardware 
implementation puts limits on the maximum complexity level. Complex 
operations need to be pipelined.  

�Æ�ÆAddress readout
�Æ�ÆFrame readout
�Æ�ÆRun length coding
�Æ�ÆModified run length coding
�Æ�Æ% of ones

Uniform 
illumination

20% of scene 
illuminated

 
Figure 3.7. Data per frame of a 1024×1024 1-bit SPAD imager (simulated). Frame 
readout has a fixed 1024×1024 bits at any illumination, while address readout 
increases the data amount with P×log2(h)×log2(w)×h×w, where P is shown as % of 
ones. Crossed data points show measured data for a 512×128 imager and scaled to 
a 1024×1024 imager data. Data compression was implemented on a Virtex 4 FPGA. 

The modified run length code compresses a sequence of 10 zeros as binary 00, 
a sequence of 4 zeros as binary 01, a 0 as 10, and a 1 as 11. Theoretically, such 
coding can compress the data to 20% or expand to 200%. This coding was 
chosen so as to match the average zero length present in our experimental data 
(microscopy). 
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Figure 3.8 shows the schematic of the compression algorithm, implemented in 
a Virtex 4 FPGA. The input data width N can be expanded to 2N in the worst 
case, when the input is a vector of interleaving ones and zeros. The pipeline 
array thus needs to have double the bit width, and it can take a maximum of N 
clock cycles to expand the data. Thus, we need an N×2N array. During the 
compression, we use combinational logic to create the next vector. We also need 
to track the number of compressed bits and the vector width for the next stage. 
The N different stages are then pipelined and the final data has a variable data 
width. The output data width needs to be interfaced with a DDR memory or 
USB, and have a fixed data width. In this stage, we need to use a 6N data vector. 
We firstly shift down the 2N data that was copied in the previous cycle to the 
width fixer, but by a variable shift depending on the content in the 6N vector. 
Afterwards, we copy the 2N vector to a fixed position. When the bottom content 
length of the 6N vector exceeds the output data width, we latch the compressed 
data. Note that each stage needs to implement a variable-per-clock shifter, an 
operation very costly in hardware. The FPGA synthesizer fails to compile the 
VHDL code if copying and shifting is written within the same clock cycle. Such a 
design already occupies 27% of FPGA slices and 25% of 4 input LUTs in a Virtex 
4. 

Input 
data 
width N

N

2N, but 
variable 
data 
width 6N

1 1

1
2. copy

2. copy

1. shift

Fixed 
output 
data 
width

Width fixer   

Figure 3.8. A simplified scheme of the modified run length compression algorithm. 

We measured our compression scheme for a 1-bit SPAD array illuminated at 
different light intensities. The measured data match the simulated data, with a 
deviation in the low light regime, where hot pixels artificially increase pixel 
activity.  
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3.4 Conclusion 
We have discussed different nonuniformity issues and included hand-
calculations for power consumption, IR drop, and data rates. 

The imaging architecture needs to be tailored for specific applications. 
Quantum correlation applications usually feature a low detection count rate 
and can benefit from event-driven readout. The same holds for fluorescence 
lifetime measurements. Classical imaging has no benefit in using the event-
driven approach due to medium/high (and relatively uniform) illumination 
scenes. The photon probability needs to be very low to yield a reduction in data 
generation. Considering data reduction, 3D imaging also has little benefit from 
an event-driven approach given the high background illumination. 

Event-driven readout is architecturally interesting for sharing resources, but 
implementing per pixel counters substantially reduces the data rate by 
increasing the timing denominator in the data rate equation. 

Applications with timing distributions, like 3D imaging and fluorescence 
lifetime, can benefit from histogramming if the average number of pixel events 
is high. In our example, there should be more than 1024 events per pixel for 
histogramming to yield any data reduction. Scenes with large amounts of dark 
sections can actually increase the data amount with histogramming, especially 
when the accumulation time is short (yields less than 1024 events per pixel). 
For example, a Picoquant scanning fluorescence lifetime imaging system does 
not histogram data due to short per-pixel accumulations and large areas of the 
image that do not contain any fluorescence. Such systems usually collect less 
than 1000 events per pixel, and histogramming increases the data rate. 
However, we should emphasize that the reason for a short per-pixel 
accumulation time; scanning decreases the frame time. Thus, if one can use a 
pixel array, the per-pixel accumulation can be prolonged to collect more events 
and histogramming might become an effective tool for data reduction.  

3D IC integration will expand the (analog-less) digital potential to combine 
single photon with high speed and extended dynamic range. New SPAD CMOS 
technology enables combining multiple modes into one imager, with HDR, 
photon counting, no readout noise and high speed. One such imager is proposed 
in this chapter. 







75 
 

spatial frequencies have lower amplitudes when compared to other super 
resolution techniques107. 

 

Figure 4.2. STED emission is depleted by a donut shape laser effectively narrowing 
the PSF and achieving high spatial resolution. 

SMLM sparsely activates single molecules, fluorophores, within one frame time. 
Single molecule PSFs are then fitted using a Gaussian 2D model, and the 
positions localized. Combining multiple frames with a large amount of localized 
single molecules, we create a super resolved pointillistic image. The sample 
needs to be prepared in a special way to allow for sparse activation of single 
molecules. The amount of required frames is 103-105, and the acquisition time 
spans to minutes116. sCMOS can reduce this to 10 seconds. Within SMLM, 
molecules are sparsely activated with different techniques: PALM117,118, 
STORM119, dSTORM5, GSDIM4. We used the GSDIM technique in this chapter. 

Molecules
Localizations:

super resolved 
image

Light emission

Widefield
Imaging

Molecules

Sparse
emissions

Sequential
localization

A

B

 

Figure 4.3. An example of SMLM. In classical widefield microscopy (A), all fluorescent 
molecules emit light simultaneously. In localization super resolution (B), molecules 
are sequentially (or sparsely per frame) activated to emit light and localized. 
Grouped localizations form a pointillistic super resolved image. 

Some of the fundamental advantages of SPAD imagers discussed in chapter 2 
are employed in SMLM, which is a sensitivity critical application. Section 4.1 
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fibroblast cells stained for actin with Alexa 647 together with an OxEA buffer121, 
and GATTAquant nanorulers122,123 (GATTAquant, Braunschweig, Germany). 

4.1 Speed of super resolution acquisition 
A major drawback of SMLM is the long acquisition time. During 103 to 105 
frames, we localize between 5 and 100 molecules per frame and create a 
pointillistic image with 50 000 to 1 000 000 total localizations. Lin et al. showed 
that higher laser intensities increase the molecule blinking rate and suggest that 
it increases the frame rate and potential number of active (emitting) molecules 
per time (and still keep the spatial sparsity requirement). However, blinking 
speed and frame rate should be synchronized so achieve optimum results. 
Higher frame rates may decrease the acquisition time at a cost of suboptimal 
performance. Here, we investigate the frame rate speed given and certain 
blinking distribution. 

4.1.1 Optimal frame time 
When increasing the speed of the molecule blinking to achieve fast SMLM 
acquisitions, it is not a priori clear what frame duration should be used. 

 

 
Figure 4.5. Schematic representation of blinking of a fluorophore in time. Brate 
includes the imager noise and sample background noise. 

Figure 4.5 shows a fluorophore photon count rate Irate in the presence of a 
background Brate, corresponding to the background accumulated by all pixels, 
which are contributing to Irate. Note that more than one pixel contributes to the 
PSF. The blinking time is assumed to be TON and is here assumed to be entirely 
embedded in a frame. In the general case, the SNR as a function of Tframe is 
computed as: 
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Figure 4.10 (a) SwissSPAD super resolution image of actin labeled with Alexa 647 in 
an OxEA buffer compared to (b) the widefield image. The white bar shows 1 µm. (c,d) 
Shows SwissSPAD GATTAquant PAINT 80R nanorulers where emitters are separated 
by 80 nm. (e,f) Shows the nanoruler imaged with sCMOS. (g) sCMOS and (h) 
SwissSPAD super resolution images of microtubuli compared with (i) a widefield 
image taken with a sCMOS. The white bar shows 1 µm. (j-l) Show an U2OS cell stained 
with Alexa Fluor 647, in Vectashield. 

Figure 4.10j-l show a SwissSPAD super resolution image of microtubuli in an 
U2OS cell stained with Alexa Fluor 647, in Vectashield. It was obtained during a 
70 second exposure and contains 90 000 localizations.  

The sCMOS typically collected 800 photons with a localization uncertainty of 10 
nm (for Figure 4.10g), while SwissSPAD had 100 photons collected with 20 nm 
uncertainty (for Figure 4.10h). For the measurements with EMCCD, the typical 
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4.3 Blinking analysis of fluorophores 
Figure 4.12 shows measured examples of molecule emissions with diversity in 
emission duration and intensity. Even two locally identical emissions can show 
different intensities. One should note that the event extraction is a complex 
process that should be ideally performed in space and time domain. A lower 
molecule intensity may be actually caused by a position offset. Thresholding 
just in the time domain can thus lead to false blinking duration extraction. On 
the other hand, a space extraction of localization forces a longer frame time that 
integrates more photons and eases distinguishing the molecule from the 
background. A space and time extraction would start with space localization, 
using a long frame time. It would than localize the molecules and cut the 
subspaces (usually 3×3 or 5×5 pixels). Then, one would use oversampled 
frames (1-bit SwissSPAD frames) to perform dynamical time binning. The 
shortest frame time would be limited by the shot noise limited signal-to-noise 
ratio. The background highest count number should be lower than the molecule 
lowest photon number. We used this procedure for the results presented at 
Photonics West in 201616, while Gyongy et al. published an arxiv paper later in 
2016 on a similar procedure with a mathematical expression of the exact 
number of 1-bit frames that should be binned in time126.  







90 
 

 
Figure 4.13. Stochastic blinking, where the molecule switches between an on and an 
off state: simulated photon response without fast blinking (a); simulated photon 
response with fast blinking, where the signal exhibits many outliers situated outside 
the estimated Poisson band (b). SwissSPAD-measured molecule blinking with 0.064 
ms (c, d), 0.3 ms (e), and 1.6 ms (f) frame time. In particular (d) shows the zoomed 
blinking, at around t=100 ms, with 0.064 ms frame time. Note that the emission and 
background bands overlap in (c, d). We used a U2OS sample with MEA buffer. Also 
note that if additional fast blinking is present, the photon response may be larger 
than expected from Poisson statistics alone. The upper and lower estimated 
boundaries for the photon response are marked with thin green (emission) and red 

a b

c d

e f

Ph
ot

on
s (

sim
ul

at
ed

)

Ph
ot

on
s (

sim
ul

at
ed

)

Ph
ot

on
s (

m
ea

su
re

d)

Ph
ot

on
s (

m
ea

su
re

d)

Ph
ot

on
s (

m
ea

su
re

d)

Ph
ot

on
s (

m
ea

su
re

d)

TON, thresh

TOFF, thresh

Emission band

Background band





















100 
 

illumination and the electronics in the bottom tier chip will perform complex 
operations on individual pixels and clusters of pixels.   

Further, we conducted a feasibility study on using photon inter-arrival statistics 
to extract lifetime information (saturation method). SPAD arrays offer a unique 
capability to study single photon statistics spread over a widefield area. For 
example, one approach used photon quantum correlations to estimate the 
emitter number and achieved sub-diffraction limited resolution. Large format 
imagers with integrated on-chip functionality will facilitate further 
development in this field.  
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56 mV breakdown voltage change yields a PDP change of 0.17% considering a 
5.96% change in PDP when changing the VEX from 3 to 5 at 520 nm.  

 

  
                  (a)             (b) 

Figure 5.4. Excess counts versus VOP to extract the breakdown voltage. (a) Shows a 
zoomed part with measured data points. One can note the nonlinear response of 
counts to VOP. The data is linearly extrapolated to extract VOP at which counts cross 
zero, yielding the breakdown voltage VBD. 

The photon response nonuniformity (PRNU) was tested using a white lamp 
with an integrating sphere. At 1.5% of the dynamic range (to avoid count 
suppression due to dead time, operating with passive recharge) and 7 VEX, we 
measured a PRNU of 1.6%, expressed as the ratio between the standard 
deviation and the average count number. Active clock recharge yields the same 
results. 

5.1.2 Noise sources 
We measured uncorrelated (DCR) and correlated noise (afterpulsing and 
crosstalk) sources finding low noise performance. Due to low noise, count 
output is shot-noise-limited and maximizes the signal-to-noise ratio.  

5.1.2.1 Dark count rate 
Figure 5.5 shows multiple pixels DCR at different VEX. The majority of the pixels 
features a DCR lower than 100 cps at VEX=9. There are two major noise 
generation mechanisms: band-to-band tunneling and trap assisted generation. 
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            (a)          (b) 

Figure 5.7. Inter-arrival time distributions between consecutive counts (a) in the 
same pixel and (b) between adjacent pixels. 

5.1.3 Timing jitter 
The timing jitter measurements are presented in Figure 5.8, featuring a 134.32, 
128.29 and 123.12 ps FWHM for 7, 9 and 11 VEX, respectively. When compared 
to the previous implementation, the timing jitter increased from 100.8 ps44 to 
the current 123.12 ps. In addition to the fixed inverter threshold (see Figure 
5.1), a cascode transistor in series could increase the output resistance and 
influence the timing as well. The measurements are performed with a 40 MHz 
laser, a SPAD dead time of 100 ns and a count rate at 100 kcps. 

 
Figure 5.8. Timing jitter histogram for three different VEX (7, 9, 11 V), using a red 
laser (637 nm). The right hand side features a diffusion tail. 
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5.1.4 Recharge mechanisms 
For the inter-arrival time histograms presented in this subsection, we used in-
FPGA histogramming with a time resolution of 10 ns. Figure 5.9a shows inter-
arrival histograms of all pixels. The dead time was estimated by looking at the 
peak inter-arrival time, yielding in this case an average dead time of 225 ns and 
standard deviation of 57 ns for passive recharge with a constant VQ bias. Due to 
variations in the threshold voltage of T2 VT2, a constant bias yields different 
recharge resistances and dead times. Considering a rather large spread of dead 
times, we expect pixel-to-pixel variations in the response (measured count rate 
m versus detected count rate n). Responses should following (2.9), all with a 
different Tdead. 

  
       (a) (b) 

Figure 5.9. (a) Inter-arrival time histograms for each pixel in the array. (b) 
Histogram of the dead time through the array. 

The response of one pixel at 7 VEX and 50 ns dead time is shown in Figure 5.10. 
The measured count rate m is plotted versus the detected count rate n extracted 
by using a reference photodiode. m is increasing with n until m reaches 
1/(e×Tdead). Further increasing n decreases m due to pulse overlapping at the 
output. Due to the non-monotonic nature of the response, m to n corrections 
cannot be performed without a priori knowledge of the detection environment. 
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Figure 5.10. Measured per pixel count response m with respect to the detected count 
rate n. m increases to reach a maximum of 1/(e×Tdead), in this case 7.6 Mcps. 

We define mi as the measured count and ni as the detected count number. 
Further, ni=n×t, where t is the integration time. For standard deviation and 
signal-to-noise measurements, count rate data is not applicable. The mi referred 
shot noise and signal-to-noise ratio are presented in Figure 5.11. The deviation 
from the theory is likely caused by rare oscillation effects with an oscillation 
period of 20 ns (example shown in Figure 5.20a). Oscillations occur only at high 
impinging photon rates. 
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             (a)              (b) 

Figure 5.11. (a) Measured standard deviation of the counts compared to the Poisson 
shot noise and the model with (2.14). (b) Shows the equivalent output SNR. 

Due to the dead time spread over the array (Figure 5.9) and the non-monotonic 
photon response (Figure 5.10), the useful dynamic range is in this case limited 
to 7.8 Mcps of detected count rate n. At higher detection count rates, the SNR 
decreases and the response over the array is highly nonuniform due to dead 
time variations (Figure 5.12).    
















































































