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Abstract

This thesis proposes the design of a new type of read-out circuit for a PIN diode used in Scanning
Electron Microscope (SEM) applications. The circuit operates in voltage mode (with high input
impedance), which offers significant power-saving advantages over the traditionally used current
mode (with low input impedance). The final read-out circuit can detect the incoming charge of
~ 1000e~ with a temporal resolution of 2.5ns at a frequency of 400 MHz. Post-layout simulation
results indicate a promising reduction in power consumption to 188 pyW per pixel.

At the core of the read-out circuit is a dynamic comparator. The dynamic comparator is designed to
operate with low noise at high frequencies while still having a low power consumption. The final com-
parator has a delay of 240 ps and 140 nV of input-referred noise while consuming 71 {J/conversion.
The comparator has active offset compensation which reduces the offset from 1o = 5.87mV to
lo = 1721V in 100 ns.

The threshold for the dynamic comparator is created by inserting a small charge of 500e™ on the
detector, whose polarity is opposite to that of the signal. By creating the threshold as a charge, the
ratio between the threshold and the signal is made independent of the detector capacitance.

The final pixel is implemented in 40 nm TSMC CMOS technology and occupies an area of 80 pm x
98 um which includes additional circuits designed to measure and quantify the performance of the
pixel. The measurement setup is designed but unfortunately, due to delays in the chip delivery, no
measurements could be performed.
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1. Introduction

In modern electronics, the size of transistors keeps shrinking down to the nanometer scale. The func-
tionality of these devices depends largely on the accuracy and precision of the lithography process,
while their price depends on the throughput: the number of wafers processed per hour/day/week.
This gives rise to the need for in-production-line inspection and metrology, for timely discovery of
any deviation from the process parameters leading to the production of a large amount of defect
wafers. Optical microscopy can only reach amplification factors of 1000, or a spatial resolution of
~ 0.2pm [1]. This resolution is not sufficient to verify the quality of the nanometer-scale exposed
patterns. Scanning electron microscopy, on the other hand, can achieve amplification factors of
3-10° [2], which is the reason it is often used when imaging at the nanometer scale is required [3].

Scanning electron microscopes operate by firing a beam of electrons at a sample, and measuring
the secondary and back-scattered electrons from the target. Measuring the returning electrons poses
quite an engineering challenge, as the signal amplitude is often quite low, and the entire system needs
to operate at very high frequencies with limited power consumption. This thesis focuses on building
the read-out circuit required to obtain the signal from the detector. The detector is a PIN diode.
Its design lies outside the scope of this thesis, and the performance metrics of an existing PIN diode
are taken as a given in this work.

1.1 Application background

The read-out circuit in this thesis is designed for a specific detector and a specific application:
Scanning Electron Microscopy. However, the proposed solutions can be applied to any diode-based
detectors with other parameters and requirements as well.

1.1.1 Scanning Electron Microscope (SEM) imaging

The high magnification SEM provides is the major reason it is heavily used within the scientific
community. Possible applications of SEM can vary widely but it can, for example, be used in material
sciences, to investigate the surface morphology of metals, polymers and composite materials. It can
help analyze the effects of stress on these materials. It is also used in biology to examine the surface
features of cells or small organisms, improving our understanding of their functionality. Geologists
use SEM to acquire high-resolution images and chemical maps for the mining and mineral processing
industries [4]. SEM is also widely used for quality control analysis in different fields, including the
semiconductor manufacturing industry, which is the focus of the target application of this thesis.
As mentioned earlier, the Scanning Electron Microscope fires a beam of electrons on a sample,
these electrons are called the Primary Electrons (PEs). This beam is moved across the sample
with high precision using electromagnetic lenses. The electrons and radiation that come back are
then measured to obtain information about the sample. There are multiple mechanisms in which the
electrons can interact with the sample to generate a useful signal, these mechanisms are illustrated in
Figure 1.1. All of these emissions are useful for determining different specifications of the sample and
are often used in combination. Although the focus usually lies on the Secondary Electrons (SEs) and
Back Scattered Electrons (BSEs), as these contain the most information about the surface topology

[5].
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In the first mode, the electron can collide with the PE SE
sample via an inelastic collision, which results in Q, @)
a Secondary Electron (SE) being emitted back to- \ /
wards the detector. SEs often have lower energies

(< 50eV) [5, p. 89], which limits the depth at O

which these electrons can come back to the detec-

tor. The SEs are therefore often used for imag-

ing the surface morphology of the sample. SEs

also have the highest accuracy of all three modes,

which can be a low as 1 nm [6].

The Back Scattered Electron (BSE) collide with

the sample via an elastic collision, which allows PE BSE
the BSE to carry information about sub-surface (0} (&}

features of the sample. The energy of a BSE is a
lot higher than that of a SE and is highly corre-
lated with the atomic number of the atom it col-
lided with. Hence BSE are often used to gather in-
formation about the material composition, rather
than the surface topology. The BSE mode has a
lower accuracy than the SE mode, which typically
lies around 50 nm

A third possibility is that the primary electron Characteristic 25 S.E

removes an inner shell electron from the sam- X-ray
ple. The high-energy electron then takes its place
and emits X-rays to release its abundant energy.
The energy/wavelength of the emitted X-ray con-
tains information about the energy levels inside
the atom it interacted with. This allows the X-
ray mode to provide the elemental distribution of
the sample. It has the lowest accuracy of all three

modes, it varies with sample material and beam

energy but is typically around 1pm. Fig. 1.1: Different electron emission mecha-

nisms [7]

1.1.2 Application requirements

The application requires a very high temporal resolution (2.5 ns) for measuring the BSEs and a high
accuracy (> 95%) in doing so. This combination alone poses quite a challenge as the high temporal
resolution requires high-bandwidth amplifiers, which have more noise than low-bandwidth ampli-
fiers, lowering the accuracy. Another consideration is that the application requires a large number
of these detectors (x1000) to be placed in parallel. Meaning that the read-out circuit should be as
power-efficient as possible.

Besides the requirements from the application, an-

other consideration is the performance of the de- Table 1.1: Detector specifications
tector itself. The main characteristics of the de-

tector are given in Table 1.1. The detector capac- Specification Value Unit
itance C'p and transit time t;.qnsi¢ are both pre- Cp 30 £ 10% fF
ferred to be as small as possible, but a trade-off Ltransit 1.8 ns
has to be made. More about the trade-off between Qnit 800e™ — 1200e™ C
these numbers will be discussed in 2.1. Ticak ~ 10 fA
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1.1.3 Voltage read-out mode

The signal is a charge generated in the capacitance of the pin detector. Typically to make the mea-
surement independent of the detector impedance, the detector is interfaced with a low-impedance
input stage of the readout circuit (this mode of operation is often called “current mode” or “short-
circuit mode”). This ensures that the charge signal will be transferred from the detector capacitance
into a well-defined component (usually another capacitance), converting it into a voltage with a value
independent of the detector capacitance.

However, for this project, the value of the signal is not of importance, but just its occurrence.
This allows to interface the detector with a high input impedance stage and operate it in “voltage
mode”, also called “open circuit mode”. In this way, the charge signal is directly converted into
voltage in the capacitance of the detector itself. This removes the need to use a power-hungry
charge-to-voltage conversion stage (trans-impedance amplifier or charge-sensitive amplifier).

This thesis will focus on the voltage read-out mode of the detector and will investigate its power
efficiency, compared with the previously investigated current read-out mode. The major challenges
to be addressed by using this method are listed below:

Small signal. The charge signal Q.4 generated in the detector is only 800e™ — 1200e~, which
results in a voltage signal dependent on the detector capacitance Vy;y = Qsig/Cp = 5.3mV. This
signal is not only quite small, but if the input impedance of the front-end stages is not sufficiently
high (the input capacitance sufficiently low), it will further lower the signal amplitude.

Charge removal. With the current read-out mode, the charge is automatically pulled out from
the detector to convert it to a voltage, by keeping the detector in the short-circuit mode. In the
voltage read-out mode, the charge will stay on the detector capacitance. If the charge is not removed,
the accumulated charge will push the detector out of its biasing point.

Signal dependence on Cp. The voltage signal amplitude will depend on the detector capacitance
Cp, which might vary and is prone to parasitics, resulting in additional signal variation. Although
only a binary output is required, the variation of the signal amplitude still poses challenges for the
selection of the detection threshold level.

1.2 Thesis synopsis
In this thesis, the design of a voltage mode read-out circuit in 40nm technology for a PIN is
discussed.

In Chapter 2, the workings of the PIN diode are discussed. A state-of-the-art analysis is also
provided to compare the voltage read-out mode with existing solutions.

The architecture-level decisions made for the read-out will be discussed in Chapter 3. This chapter
highlights the main advantages and limitations of using voltage mode.

In Chapter 4, the design decisions of the different blocks in the read-out are discussed. The post-
layout simulation results after the design process are presented.

The circuits required to test the performance of the read-out will be presented in Chapter 5. Besides
the on-chip circuitry, the PCB and FPGA code used for the chip testing are also discussed.

In Chapter 6, the measurements planned to be performed on the chip are presented. Due to delays
in the shipment of the chip, not all results are present.

Finally, a conclusion will be provided in Chapter 7. There will also be some recommendations for
future improvements to the system.



2. Feasibility analysis

In this chapter some initial analysis will be done on the feasibility of this project. The physics behind
the detector will be introduced, and the design considerations resulting from this are presented.
Finally a comparison is made with existing particle ROICs.

2.1 Physics of the detector

The detector itself is a PIN-diode, which is simi-

lar to a regular PN-junction diode, but with a layer Tgen

of intrinsic semiconductor material in between. An »

overview of the diode structure is shown in Figure 2.1. |
This intrinsic layer has a large resistivity and helps N - type

to increase the total depletion width of the diode [8]. +
For particle and photon detection the PIN diode is <>
Vr

™~

used in reverse bias. The reverse bias across the diode e e
creates an electric field and removes any free charge
carriers still left in the intrinsic layer. At a certain

reverse bias voltage, called the swept-in voltage, the s
intrinsic layer will be completely depleted from any |
free charge carriers. PIN diodes used for particle de-

tection are usually biased beyond this voltage. Fig. 2.1: PIN-diode structure

«—mM—
«>

2.1.1 Internal physical behavior

For the application of this project, the diode will be used to detect incoming electrons. When an
electron with enough energy (Bandgap of silicon is 1.12 eV) hits the diode, it can promote electrons
from the valence band to the conduction band, creating electron-hole pairs. If the electron-hole
pairs are generated outside the depletion region, they will quickly recombine and can’t be measured.
However, if the electron-hole pairs are generated inside the depletion region, the electrons and holes
will be accelerated away from each other by the electric field and be swept to opposite electrodes.
This can electrically be seen as a small current, Iyen, which flows from the n-type to the p-type of
the diode.

Drift velocity (cm/s)
1084

GaAs (Electrons)

107 Si

(Electrons) —

<_Si (Holes)
6 _ =

10° ¢ C

#<__GaAs (Holes) Ijen D

T=300K . . . .
10° \f b Fig. 2.3: PIN-diode equivalent circuit
10° 10° 10 10° 10°

Electric field (V/cm)

Fig. 2.2: Drift velocity saturation of electrons and
holes in Si and GaAs [9, p. 37]
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To have the highest chance possible of creating a current, the depletion region of the diode is made
larger by inserting a large intrinsic region and applying a reverse bias. There will be an electric
field across the intrinsic region due to the diffusion of charge carriers and the reverse bias that is
applied. The time it takes for the electric field to transfer all the generated charge to the electrodes
is called the transit time [9]. A larger intrinsic layer will result in a larger transit time. A larger
electric field will reduce the transit time by increasing the drift velocity of the electrons and holes,
up until it saturates. The drift velocity in silicon for different electric field strengths can be seen in
Figure 2.2.

2.1.2 Equivalent circuit

The reverse biased pin diode can electrically be modeled by the schematic shown in Figure 2.3. The
source Iy represents the current generated in the detector due to the generation of electron-hole
pairs. The capacitor Cp is the parasitic capacitance of the diode, this capacitance is decreased by
increasing the width of the intrinsic layer. For the application of this thesis project, the detector
capacitance is approximately 30 fF. Although there is also some leakage current through the capac-
itor, it is omitted because its value is negligible in comparison to the gate leakage current from the
connected MOSFETs. Nevertheless, the leakage, either from the detector or transistors, is often
the main contributing factor for the Dark Count Rate (DCR) (The rate at which hits are counted
when no hits arrive). As the detector will be operated in voltage mode, the detector node is initially
floating. The biasing of the detector should ensure the DC stays at the correct level such that the
detector remains biased correctly and the DCR remains low.

2.1.3 Design considerations

The amount of electron-hole pairs generated is proportional to the energy of the incoming electron,
and can’t be altered by the design of the PIN diode. Since the electrons can only be measured if
they hit the diode in the depletion region, a larger depletion width will result in a larger probability
of detecting bypassing electrons. A larger depletion width will however also result in a larger transit
time since the electron-hole pairs need to travel a longer distance.

with Vg = ,udE
Vg

Where the drift velocity vy will be limited by the saturation velocity as shown in Figure 2.2. As
a final consideration, the parasitic capacitance of the diode Cp will decrease for wider depletion
widths, which will increase the signal amplitude:

- Qsig Wi
9 CD Wdepl

Following the specifications of this project, the amount of electron-hole pairs generated by an
incoming electron varies between 800e™ and 1200e~. The generated electron-hole pairs are gener-
ated in a confined space inside the depletion region and move at a constant velocity toward the
electrodes. This is modeled by a square wave current I4.,. The transit time of the PIN diode is

Vs

given to be 1.8 ns, which means that the value of the current will be on average % = 89.0 nA.

2.2 Previous work

This section provides an overview of the existing knowledge and research on particle ROICs. It
begins by reviewing foundational concepts and limits that arise when designing a high-speed, high-
accuracy and low-power ROIC. Several existing methods are given, and some example read-out
circuits are shown. Finally, a comparison between several existing solutions will be presented.
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2.2.1 Foundational limits

In the target application, high speed, high accuracy and low power consumption are required. To
achieve a high accuracy, the noise should be minimized. However, this comes at the cost of reducing
the bandwidth. When the bandwidth becomes too low the signals pile up on top of each other and
the error rate rises due to the introduced ISI-errors (Inter Symbol Interference). This leads to an
optimum bandwidth where the minimum error rate is achieved. A conceptual plot of this trade-off
is shown in Figure 2.4.

To get around the limitation of the error rate in-
troduced by this effect. Designers have tried to
compensate for the ISI induced errors, such that
they could lower the bandwidth further to reduce
the error rate. This has been done by using mul-
tiple thresholds in the subsequent stages [10] [11]. ISI-inducez\ o

This allowed the initial amplifier to have a signifi- errors./ \\ Noise-induced
cantly lower bandwidth and lower noise. However, P S
these solutions did require an additional amplifier
which also increases the power consumption of the

complete read-out circuit. Fig. 2.4: Trade-off between bandwidth
and error rate [12]

Error-rate

N

Bandwidth

v

2.2.2 Frequently used readout circuits

Instead of using multiple thresholds, designers often use a Charge Sensitive Amplifier (CSA) in
combination with a shaper. The CSA pulls the generated current from the detector into a feedback
capacitor C, this charge then slowly depletes over a parallel resistor Ry. This acts as an integrator
and creates a sharp rise in the signal followed by a very shallow decay. In the shaper, the DC
component is filtered out using a band-pass filter. This only allows the sharp edges to pass the
filter. The output from the shaper is then connected to an Analog to Digital Converter (ADC) to
obtain a digital output. A high-level overview of the signal path is shown in Figure 2.5.

INCIDENT SENSOR PREAMPLIFIER PULSE ANALOG TO DIGITAL
RADIATION SHAPING DIGITAL DATABUS
CONVERSION

AN — 2 S\ :>

Fig. 2.5: High-level diagram of the pulse shaping technique. The short current pulse is integrated
by the CSA, and the resulting step function is passed into the shaper to retrieve a short pulse [13]

The complexity of the ADC at the end of the signal chain depends on the target application. It
can be a discriminator with a single digital output, which compares the output of the shaper with
a threshold [14], or it can be more complex, using a TDC to measure the time the signal is above a
given threshold [15]. Below are listed some examples of read-out circuits.

2.2.3 Comparison

For this comparison, 5 different read-out circuits are used. PXF40 [14], UFXC32k [16], EIGER [17]
and Medipix3 [11] all use a CSA in combination with a shaper. The ADC differs per read-out but
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most often consists of a discriminator in combination with a counter. The 2Vth TTA [12] readout
addresses the same project this thesis addresses. An overview of different parameters of each read-
out circuit is shown in Table 2.1. As the signal is often expressed in an amount of electrons, the
input referred noise is converted into an Equivalent Noise Charge (ENC) for comparison.

Table 2.1: Comparison between the different read-out circuits

PXF40 UFXC32k | EIGER | Medipix3 | 2Vth TIA
[14] 16] 17) 11] 12]
Pixel size [pm?] 100 x 100 75 x 75 75 x 75 55 x 55 200 x 200
Process 40nm 130 nm 250 nm 130 nm 65 nm
ENC [¢] 212 / 185 123 110 80 174
Pz [nW] 45 / 100 26 - 9 2850
Count rate
[Mcps/mm?] 1224 / 1216 220 146 87 10000

For the application of this project, the idea is to remove the power-hungry preamplifier, and instead
use the detector capacitance itself to integrate the signal charge. A new architecture will be proposed
in Chapter 3 that removes both the CSA and the shaper which will result in a more power-efficient
solution.

10



3. Architecture design

The final system will consist of a few thousand pixels in parallel, which all have their own Read-Out
Integrated Circuit (ROIC) to convert the small signal produced by the detector to a digital output.
A generic overview of a pixel is shown in Figure 3.1.

The detector itself should be biased with a high
voltage to ensure the generated electron-hole pairs
are moving at sufficiently high drift velocities. o

Since the technology only has 1.1V and 2.5V de- Pixel ROIC ]
vices, a large reverse bias is applied at the detec- R -

tor anode. The top of the detector can now be { Detector | Vin 7 Output
biased at a smaller voltage to ensure the subse- i

quent stages are biased correctly, while Vi can
be selected such that the detector is correctly bi-
ased. Next, the detector voltage should be com-
pared with a certain threshold to determine if a
hit has landed. While it is still incomplete, this -VR x 8000
simplified diagram will be used as a basis for the L
system architecture. It should be noted that the
biasing of the detector cathode is not yet shown, Fig. 3.1: Generic system overview
as it requires some design trade-offs to be made.

3.1 Charge depletion

Since voltage read-out mode is used, the charge remains on the detector. If this charge is not
removed, the hits will be integrated on the detector capacitance, and push the PIN diode out of its
operating region. The pile-up of a few hits can be tolerated, as the voltage deviation is only a few
mV per hit. However, it is necessary to eventually remove the generated charge.

There are several solutions for removing the charge, each of them has its advantages and disad-
vantages.

3.1.1 Depleting resistor

The most straightforward solution would be to use a resistor connected to a biasing voltage to
deplete the charge in the detector, shown in Figure 3.2. If a hit arrives, it will deplete with the time
constant 7 = Rg4.,Cp. An important consideration about this solution is that it will add kT/C noise,
which is independent of the resistor value. The noise is equal to V;, yms = /kT/Cp = 372V (for
T = 300K). This will limit the theoretically maximum SNR to be SNR; 4, = 14.2. Although this
value would be sufficient for the application, it is important to consider that this is only considering
the noise coming from the resistor, any other sources of error or noise will lower this value. Leaving
the following stages with more stringent noise requirements to achieve, which often leads to a higher
power consumption.

The selection of the time constant plays an important role in the voltage waveform of the resulting
signal. If the time constant is taken too small, a lot of the generated charge will already be depleted
when it arrives, losing a lot of the signal amplitude. Taking a too large time constant, can result in
a pile-up of the signals, which leads to ISI-errors. An example of both these problems is shown in
Figure 3.3.
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Fig. 3.2: Depleting resistor circuit

Fig. 3.3: Results of a pulse train when the depleting resistor
is too small, or too large

The signal amplitude when Rge, = 10kS2 is only 1mV, even though the maximum achievable signal
is 5.3mV. On the other hand, if a value of Rg4ep, = 100k(2 is used, the signal is not depleted fast
enough and the hits stack on top of each other. This eliminates the option of using a single threshold
to determine whether a signal has arrived.

If the value of Rgep, is optimized such that the maximum amplitude is achieved while still utilizing
a single threshold to identify incoming signals, a value of Rgep =~ 25.6k is obtained, which leads
to a signal amplitude of Vi, = 1.20mV. This would reduce the maximum achievable SNR to
SNR,,az = 3.2, which is insufficient for the application.

Another option would be to use a very large resistor and compensate for the signal pile-up. This
can for example be done by applying a band-pass filter, such that only the sharp edges of the signal
arriving are shown at the output. Similar to the technique also frequently used in previous work
done on this subject [13] [14] [16]. However, in those cases the filtering is done after a CSA stage,
which has already increased the signal amplitude. As our signal amplitude is quite low without the
amplifier, an active filter is required to keep the SNR close to SNR,,4,. The active filter has very
little design margin for the noise, as the SNR cannot be degraded much further. An initial design
showed that the resulting active filter would consume around 300pW — 400 W, which already
exceeds the power consumption of the previously designed solutions. Hence the depleting resistor is
discarded as a viable solution.

3.1.2 Reset switch

Another solution would be to deplete the charge using a reset switch. A reset switch would be
implemented using a MOSFET. This causes the switch to have significantly lower noise than the
resistor. In this case the noise is dependent on the sizing of the switch (~ 10pV). Although the
lower noise is a very nice feature and leaves a lot more freedom in the design of the subsequent
stages, there are some downsides. A few major drawbacks of the reset switch are listed below:

Short reset timing As the charge-to-voltage conversion of the detector takes about 1.8ns to
reach the maximum voltage value, and hits can arrive with a frequency of 400 MHz, this only leaves
0.7 ns for the detection of the event, and resetting the detector voltage. This short duration means
the switches need to have a sufficiently low ON resistance, to ensure the voltage is reset correctly.

12



3.2. SYNC VS. ASYNC OPERATION CHAPTER 3. ARCHITECTURE DESIGN

Larger switches also produce more noise and use more power to switch, so there is a trade-off to be
made.

Charge injection As the switch closes, it creates a channel to connect the detector voltage to its
bias. This channel consists of either electrons or holes (depending on if an NMOS or PMOS is used).
To create the channel, the electrons or holes are pulled from the source and drain towards the gate
by the applied gate voltage. After the reset is done, and the switch opens again, the electrons and
holes from the channel move back towards the source and drain. This charge gets injected into the
source and drain of the transistor, creating a voltage difference from the correct bias voltage. This
issue becomes more significant for larger switch sizes, as they have more charge inside their channel.

Clock feedthrough A final important issue when using reset switches is the feedthrough of the
control signal. This is the coupling between the transistor control signal of the switch, and the
source/drain, through the Cyq and/or Cys. Due to this coupling, a small portion of the control
signal will appear on the detector voltage when the switch is opened again. This difference is given
by Verror = Vstep - Cga/(Cp + Cgyq), which for unit size transistors corresponds to approximately
5501V. This is a large value compared to the signal, and it will only become worse for larger
switches. However, there are possible solutions for this issue, such as using complementary switches
to cancel out the feedthrough or compensating for the additional voltage in some other manner.

For the final application, a reset switch is used to remove the charge from the detector capacitance.
It does present some challenges for the design, but none of them are insurmountable, and it leaves
more room for the noise performance of subsequent stages.

3.2 Sync vs. async operation

As the charge now stays on the detector capacitance until the reset switch is closed, it presents
the possibility to monitor the detector voltage periodically, instead of continuously. Periodically
monitoring the detector voltage can allow for power savings, as dynamic circuits are much more
efficient than their time-continuous counterparts. There are however also drawbacks of using this
method, which will be discussed in the following subsections. These drawbacks should be taken into
consideration when considering the periodic monitoring of the detector voltage instead of continuous
monitoring.

3.2.1 Sampling at 400 MHz

Initially one might compare the detector voltage to a threshold at each time interval to detect if
a hit has occurred and reset the detector if needed. However, this will result in the possibility of
missing hits.

13



3.2. SYNC VS. ASYNC OPERATION CHAPTER 3. ARCHITECTURE DESIGN
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known in which phase of the clock signal
the hit arrives. And since the hits ar- {u@
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Fig. 3.4: Nlustration of the 400 MHz sampling issue

The amount of voltage signal that can be removed in the worst case Vi emoved, 18 expressed by:

Trst + Tcomparison

eremoved = ‘/th + ‘/sig ' (31)

ttransit
Where V4 is the amount of voltage that is generated when all the signal charge is converted to a
voltage by the detector capacitance, Vi, is the threshold voltage, T is the time it takes for the
switch to reset the detector voltage, Teomparison is the time it takes for the system to compare Ve,
with Vi, and tipgnsit 1 the transit time of the detector diode.

A full derivation of Equation 3.1 can be found in Appendix A.1. One important conclusion from
this equation is that there will always be some charge that is removed if the hits land in the wrong
phase of the clock cycle. This can be minimized by setting the threshold very close to the bias
voltage, such that hits are much more easily detected. One issue of placing the threshold very close
to the bias voltage is that the noise will more easily be able to push the voltage across the threshold
and count towards a hit, even though no hits arrived. This will cause the noise to become more
prominent and increase the dark count rate.

Removing a large portion of the hit if it lands in the wrong clock phase is undesirable, as the
initial signal already has a very low amplitude. The effect of such a small signal is that the subsequent
stages will require more amplification and a lower noise floor. Since the power consumption scales
with P =1/ Vn%mm lowering the noise floor by a factor of 2 would quadruple the power consumption.
Because of this simply sampling at 400 MHz is not a desirable solution.

There also exists alternative solutions that use sampling, but do not delete a large portion of the
signal if the hit lands in the wrong CLK phase. These solutions are also worth investigating and
will briefly be discussed next.

3.2.2 Correlated Double Sampling (CDS)

Correlated Double Sampling is often used in CMOS image sensors [18] [19] to remove offset of
individual pixels. This principle can also be applied here. The idea behind CDS is that the state
of the detector is sampled twice: First, after a reset to obtain the baseline value, and a second
time after a possible signal has arrived. These two samples are then subtracted from each other.
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By subtracting the signals, the offset of the pixel will be removed, and only the difference will be
measured. In CDS the idea is to take these samples in very quick succession. In that case not only
the offset but also a lot of the low-frequency noise will be removed since the low-frequency noise of
these samples will be correlated. The subtraction can be done by giving both samples to different
inputs of a subsequent stage with a differential input. An example circuit is shown in Figure 3.5.

The final output voltage will be given by:

Vout =A- (Vdet(t = (bl) - Vdet(t = ¢2)) The
two capacitors are used to store the value of

the signal at a specific time. By comparing i
the signal to its previous value, the reset does : : 1 I >
not need to happen after every hit. It only 1 T >— Vout
needs to happen if the detector is going to : : &2
be pushed outside its biasing point. Because :¢6 = I
there is no need for a reset, the timing issue ! Tyen cp !
discussed in 3.2.1 is no longer present. There | I
] 1
] 1

will be some dead-time introduced whenever
the detector is reset. This dead-time will lead
to errors in the read-out circuitry, but as the  Fig. 3.5: Correlated Double Sampling using two
hits do not have a high probability of occur-  storage capacitors (detector biasing not shown)
ring, the resulting inaccuracy is still manage-

able.

Although the reset timing is solved by using CDS, there is a new timing issue introduced by not
resetting. This new issue is illustrated in Figure 3.6.

Ideally, a hit falls in between two sam-
pling moments. In that case, the subse-
quent stage can measure the full signal (lg’

amplitude, this is illustrated in Figure SQ

3.6 for the first hit. But what can also S sampling

happen is that the detector voltage is 25ns T

sampled halfway through a hit arriving. «— .-~ ! R

In that case, the subsequent stage will CLK

measure half the signal twice, instead of

the full signal once. This will either dou- )time

ble count or miss the hit depending on :
if the threshold is set above or below E
half the signal amplitude. This effect is Vet !
shown for the second hit and will lead to N
errors that cannot be corrected by sub- '
sequent stages. Because of this, and the > ..
dead-time that the occasional reset will time
introduce, CDS is not a promising solu-
tion for the application.

Fig. 3.6: Ilustration of the timing issue when using CDS

3.2.3 Higher sampling frequencies

Another solution would be to sample at a higher frequency. This will ensure that even if the hit
lands in the undesired part of the clock phase, there will be another sampling moment shortly after
that which can still measure the hit, and reset the detector in time for the next hit. The working
principle is illustrated in Figure 3.7.
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Fig. 3.7: Detector voltage when sampling at 800 MHz

After some investigations, it was found that the power reduction caused by having discrete sampling
intervals outweighs the additional power consumption caused by sampling at 800 MHz.

3.2.4 Reset width

Although sampling at 800 MHz seems to be a good solution, the reset should happen fast to prevent
any loss of the next signal, as might be seen in Figure 3.7. To ensure no part of the next hit can be
deleted, Equation 3.2 needs to hold.

Vin
Treset < 1/fhits,max - Tclk - ttransit A (32)

‘/sz'g

Where fhits mas is the maximum frequency at which events can arrive, T, the period of the
clock signal, tiqnsic the transit time of the detector diode, Vi, is the threshold voltage and Vi,
is the amount of voltage that is generated when all the signal charge is converted by the detector
capacitance.

Since the hits are assumed to arrive at least 2.5ns apart, fhits,maz is 400 MHz. If the threshold
is placed at half the signal amplitude, the equation becomes: T.cser < 350ps. Although this is a
short time frame, it is possible in the 40 nm technology used for this project. If the reset exceeds
Equation 3.2, part of the next hit will be deleted, which lowers the SNR.

Comparing all the different solutions, sampling at 800 MHz seems to be the most viable solution.
It will consume the least amount of power and can compare the full signal amplitude. This leaves
the subsequent stages with some design room, as the only error sources added thus far are the errors
coming from the reset switch.

The next part will focus on the design of the discrete-time comparator and the design challenges
that arise there.

3.3 Offset limitations

The detector voltage should be compared with a certain threshold. All comparator circuits suffer
from a non-ideal offset that shifts this threshold up and down. If the offset is too large, it can even
push the threshold so far away that it counts a hit every single CLK cycle, or never at all. Limiting
this offset is an important design consideration that needs to be taken into account when designing
a dynamic comparator.
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3.3.1 Passive offset compensation

The most common way of offset compensation is the passive offset compensation. To understand
exactly why it works, it is important to understand where exactly the offset in comparators is coming
from.

A comparator tries to compare the two input signals and gives a digital output based on which
is larger. In a comparator, offset arises from any asymmetries within the circuit. This means that
any mismatch between the two input sides will push the comparator more towards one output. To
minimize the offset the mismatch between the two input sides should be minimized. Most of the
offset in amplifiers comes from the input pair of transistors [20]. Every mismatch effect after the
input pair will be divided by the gain of the input transistors. Because of this designers often match
the input pair very well to minimize the offset, while the other transistors do not have such strict
requirements.

Besides layout techniques, mismatch between the input transistors can also be reduced by in-
creasing their size. Most of the offset in the input pair comes from the mismatch in threshold
voltage. Pelgrom’s law [20] states that the standard deviation of the threshold voltage scales in-
versely proportional to the square root of the transistor area:

AVt,h
vWL

In this equation Ay,, is a constant that is defined by the technology, for the technology used it is
2.77 nVm. For minimum-sized transistors, this would give o(AV;) = 40mV.

However, the size of the input pair cannot be increased without limit. By increasing the size of
the input pair, their gate capacitance also increases. Since the gate will be directly connected to
the detector, this capacitance will be placed in parallel with Cp and lower the amount of voltage
generated by the incoming charge according to:

o(AVy) = (3.3)

Qsig

Vsig =
g OD+WL-Ang

(3.4)

Here WL - Ag,, is the equivalent input capacitance, Cy,, where Ac,, is a constant defined by
the technology. Ac,, has a value of 11.09 mF m~?2 for the technology used. There is a trade-off
between signal amplitude and offset from the input pair. The ratio ¢offset = Viig/0(AVir) can be
maximized, to obtain an optimum sizing for the offset of the input pair. The optimum for ¢, rses
occurs when Cy, = Cp, and is given by:

Qsig

¢offset,ma:r I
2 \V/ ODACQQ A%/th

Evaluating Equation 3.5, gives a value ¢, fset,mar = 1.59 or 4.0dB. This ratio falls short of meeting
the requirements for the application, as it will lead to high probabilities of errors occurring. While
leveraging the size of the input pair can help minimize the offset passively, an active compensation
is necessary to remove the offset further. The specific implementation details regarding the active
offset compensation will be discussed in 4.2.

(3.5)

3.4 Threshold generation

The dynamic comparator needs to compare the detector voltage with a threshold to conclude if a
hit has landed. To ensure a zero output when there are no hits, a threshold needs to be put in
place to tilt the comparator towards a ‘0’ output. The threshold can be seen as a fixed offset that is
deliberately added to the comparator. This threshold should be very accurate, as any inaccuracies
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will add to the inaccuracy of the final offset. It can be implemented at different locations in the
circuit, namely:

At the input of the comparator The threshold can be implemented by placing a voltage slightly
lower than the bias voltage at the positive input of the comparator. This will tilt the comparator
towards ‘0’ when the detector voltage is at its bias. When a hit lands, the detector voltage will drop
below the threshold voltage Vi, and the comparator will give a ‘1’ as output.

Inside the comparator The threshold can also be implemented by designing the comparator
itself such that it tilts more toward one side. This can be done by creating an asymmetry in the
design of the comparator. It should be noted that this should be switchable, as the active offset
calibration should not calibrate for the threshold. So the asymmetry needs to be able to be added
and removed using digital logic.

While both methods appear to be viable solutions at this stage, the first method has a significant
advantage that will be elaborated on below.

3.4.1 (p inaccuracies

Previously, the threshold was indicated by a voltage V;;,. But the signal is defined by an incoming
charge Q4. This charge is converted to a voltage through the detector capacitance Cp. However,
Cp may have some deviation from its nominal value (Indicated in Table 1.1). Instead of adding a
fixed amount of voltage offset as a threshold, it would be better to add a fixed amount of charge
offset as a threshold. In that case, both the threshold and the signal will be converted to a voltage
with the same factor Cp. This keeps the ratio between the threshold and the signal constant.

As the comparator itself compares voltages after the charge has been converted to a voltage,
implementing an offset inside the comparator is no longer a possibility. Instead, the threshold
should be generated at the input of the comparator. On the negative terminal of the comparator,
where the detector is also connected. In this case, the generated Qy;, will be converted to a voltage
on the detector capacitance.

Generating such a small @, poses a significant design challenge, as it should be smaller than
the signal (Qsig = 1000e ™). The details of implementing the Q¢ generator will be discussed in 4.3.

3.5 Architecture overview

The final architecture is shown in Figure 3.8.
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Fig. 3.8: Architecture overview of the read-out circuitry.

The comparator works at 800 MHz and utilizes active offset compensation to remove the offset.
When the comparator detects a hit, it resets the detector voltage to the bias and injects a threshold
charge onto the detector capacitance Cp. A second capacitor, Cgummy, is placed on the other
terminal of the comparator. It is also connected via a reset switch to the bias voltage, to mimic
the detector behavior. Any charge injection from the switches or kickback from the comparator are
now common mode errors, which the comparator can tolerate. It should be noted that the reset
signal from Figure 3.8 is also the output of the system, where a ‘1’ is indicative of a hit.

3.5.1 Cp and Cyymmy mismatch

The errors caused by the kickback and charge injection are only common mode if Cp and Cgummy
are equal. However, this cannot be guaranteed due to variations of both capacitors. This makes
matching these two capacitors to the usual degree of accuracy very difficult. Some differential signal
will be introduced from the kickback of the comparator and the charge injection from the switches.

The result of these errors is that the comparator will become unbalanced and create an additional
offset. If however, these errors are also present during the offset calibration, their contribution will
be incorporated in the calibration and their effect is significantly reduced. Still, it is important to
minimize these effects, as they will necessitate a larger compensation range for the offset calibra-
tion. The compensation range of the offset calibration is a design parameter that requires careful
consideration and is not readily available without additional cost.
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4. Design and implementation

The design of the readout is subdivided into different blocks, which will be discussed separately.
An overview of all the blocks is given in Figure 3.8. Besides the blocks present in the figure, some
additional blocks are also required to generate the 800 MHz CLK and control the width of the reset
pulse. These will be discussed in Section 4.4.

4.1 Dynamic comparator

The dynamic comparator is the core component of the system. It needs to compare the voltage on
the detector capacitance Vg.; with the voltage on the dummy capacitor Viummy. Although there
exist many different topologies for dynamic comparators, most of them follow a similar structure.
An overview of this structure is shown in Figure 4.1.

Fig. 4.1: Generic implementation of a dynamic comparator

The differential signal is first amplified in a pre-amplifier. Because of this amplification, the offset of
the latch, which can reach 100 mV, can be tolerated. The latch itself implements positive feedback
and is held at the unstable equilibrium during the reset phase. When the comparison needs to be
made, the latch is released and goes into one of its stable states. The latch is pulled towards a
specific direction via the pre-amplifier, which determines if the final output is a ‘1’ or a ‘0’.

Below the main challenges, advantages and performance requirements of the comparator are dis-
cussed:

Speed The comparator should be able to compare the two voltages within 1.25ns, as it needs to
operate at 800 MHz. Within this time it also needs to reset itself and be ready for another hit.

Static power consumption The main reason a dynamic comparator can be more power efficient
than a high-bandwidth time-continuous comparator is because it only consumes dynamic power.
Once it has made a decision, or once it has been reset, it no longer consumes any static power. The
energy required for making a decision is based on the parasitics that need to be charged/discharged
when switching between the comparison and reset state.

Pre-amplifier gain The pre-amplifier is in an open loop configuration to reduce the noise and
offset coming from the latch. By separating the pre-amplifier and the latch, the pre-amplifier can be
used to reduce the noise and offset, whereas the latch is used to speed up the decision-making. The
result is a very fast comparator which also can achieve low offset and noise. To separately design
the pre-amplifier and the latch, they should have a different biasing current. Since the pre-amplifier
needs a lot of gain, it should be biased in weak inversion and have a relatively low biasing current.
The latch on the other hand needs to make a decision fast and requires a larger biasing current. Due
to the different required biasing currents, the pre-amplifier and latch are often on separate current
branches in most modern dynamic comparator designs.
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Kickback When a dynamic comparator makes its decision, the voltage on the drain of the input
transistors often changes over the entire supply. This variation is carried over to the input through
the gate-drain capacitance. This change on the input can affect the final decision of the comparator
if the magnitude of the variation is of the same order as the signal.

The most common methods to reduce kickback are: reducing the gate-drain capacitance, reduc-
ing the voltage variation on the drain nodes of the comparator, or ensuring the kickback is equal
on both terminals of the comparator. If the kickback is common-mode the comparator can still
differentiate the differential-mode signal.

Noise When making a decision, the comparator is influenced by the noise created by its compo-
nents. Since the output of the comparator is a digital signal, only the input-referred noise will be
taken into consideration when building the comparator. The analysis of the noise is not as straight-
forward as in time-continuous circuits, as there is no operating point at which the comparator works.
More on the analysis of the noise will be discussed in 4.1.3.

CLK timing Finally, the comparator will be triggered with the CLK signal. In some comparators
however, the latch and pre-amplifier have a different trigger [21]. This is done to ensure the latch
only triggers after the pre-amplifier has already amplified the signal. However, this timing can be
very process-dependent, which in turn makes the pre-amplifier gain process-dependent. Therefore
it is preferred to use a single CLK signal to ensure the comparator performs similarly in all process
corners.

4.1.1 Miyahara’s dynamic comparator

For the dynamic comparator topology, Miyahara’s dynamic comparator [22] was chosen. A schematic
diagram is shown in Figure 4.2. The topology was chosen due to fact that it tackles many of the
challenges highlighted above. Below is a short explanation on how the comparator operates and
what advantages it has.

21



4.1. DYNAMIC COMPARATOR CHAPTER 4. DESIGN AND IMPLEMENTATION
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4.1.2 Pre-amplifier gain

The pre-amplifier should preferably have a high gain such that it reduces the noise and offset coming
from the latch. To ensure this, an expression can be written for the gain. The differential voltage
difference that is generated on the Di nodes is given by:

_ gml,ZAV:in
Cp;

This equation only holds while the latch is still disabled, as soon as M6/M7 pull the top of the latch
to Vpp, the latch makes its decision based on the differential voltage present at the Di nodes at
that moment. M6/M7 will enable the latch if the voltage on the Di nodes gets pulled below the
threshold of the top inverters (M6-M9), Vip, ino-

If the rate at which the Di nodes discharge is taken to be approximately equal, the average
current flowing through M1/M2, I.,,, can be used to get an approximation for the time after which
the inverters will be enabled.

AVp(t) -t (4.1)
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Vop — Vinine

t~ CDi . Icm (42)
Combining Equation 4.1 and 4.2 gives:
AV 7 m
Apre—amp = AVZDn = 916717;2 . (VDD - ‘/th,im)) (43)

Equation 4.3 shows that the gain of the pre-amp is independent of the parasitic capacitance at the
Di nodes. It should be noted that this equation only holds if the input signal is kept constant.
If the hit is still arriving when the comparator takes its measurement, the equation will become
dependent on the parasitic capacitance. A full derivation of this situation is given in Appendix A.2.

Although the reality will be slightly different, Equation 4.3 gives a good approximation for
designing. The conclusion that can be drawn to maximize the pre-amplifier gain are:

e Limit the current going through the input pair by sizing M3. This pushes the input
pair into weak inversion while the comparison is happening. In this region, they will have the
maximum g,, /I, which optimizes the pre-amplifier gain.

e Place threshold of the M6/M8 and M7/M9 inverters close to GND. This also
increases the pre-amplifier gain, as the signal will get integrated on the D¢ nodes for longer.

Although both these methods increase the pre-amplifier gain, they also reduce the speed of the
comparison. As the final comparator should operate at 800 MHz, the amount of gain that can be
obtained by the pre-amplifier will be limited.

4.1.3 Noise

Dynamic comparators do not have a steady-state operating point. This means that standard noise
analysis is not possible as all the transistors change their operating region during operation. Al-
though an AC noise analysis is not possible, a time-domain noise analysis can still be done. An
example of such an analysis is done in [23]. Here stochastic calculus is used to obtain a final ex-
pression from the noise. Although the comparator used in [23] is different from the one shown in
Figure 4.2, the same conclusions are still applicable. The overdrive voltage of the input pair should
be minimized, 3 examples are given on how to achieve this:

e Increase the W/L ratio of the input transistors. Although this would decrease the noise,
this also increases the input capacitance of the comparator. This in turn will lower the signal
amplitude, which makes this solution undesirable.

e Decrease the discharging current by adjusting the size of M3. The current through
the input pair is limited by the tail transistor M3. By decreasing its W/L ratio, the noise of
the pre-amplifier can effectively be reduced.

e Decrease the input common-mode voltage V. This has a similar effect to the previous
point, where the current will be limited. This technique can also be used to reduce the noise.

In conclusion, the primary noise reduction technique that will be implemented is to adjust the size
of M3 and the value of Vipy, to ensure a low current will flow through M1/M2. This will in turn
lower the speed of the comparator, so there is a trade-off to be made.
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4.1.4 Power consumption

The power consumption of the comparator is dependent on the amount of parasitics that need to be
charged and discharged every comparison. The largest of these capacitors is located on the output
and the Di nodes. A rough estimate of the power consumption is given by:

P = far-VAp - (2Cp; +1.25C) (4.4)

The factor 2 is there because of the 2 Di nodes that need to charge and discharge, while only a
single output needs to fully charge and discharge. The other output reaches approximately Vpp/2,
before going to GND again, resulting in the factor 1.25.

To minimize the power consumption, the main design strategy is to minimize the parasitics at
the D7 nodes.

4.1.5 Final circuit and simulation results

For the final comparator, the input common-mode Vi is set at 600 mV. This value allows for more
gain and less noise in the pre-amplifier, while still meeting all the speed requirements. The input
pair is sized with a W/L of 4.8 pm /100 nm, to ensure the non-calibrated offset is not too large. It
also ensures they have a higher g,,,, which helps with the overall gain of the pre-amp. The resulting
input capacitance of the comparator is equal to 3.29fF The M6/M7 transistors are High Voltage
Threshold (HVT) devices, while M8/M9 are Low Voltage Threshold (LVT) devices. This pushes the
threshold of the top inverters close to GND, which also gives the pre-amplifier more gain. M10/M11
are also LVT devices, to ensure they can still pull the latch when the D7 nodes have been dropped
to V;nv,th-

First, the noise of the comparator is
measured. To measure the noise of
a dynamic comparator, AV, is swept
for small values around 0. For every
value, the probability that the compara- 0.8f
tor gives a ‘1’ is measured. The result-

——Schematic
— Post-layout

' 0.6
ing curve of P(OUT = 1) vs. AV, 5
is an integrated normal distribution. g 0.4
This normal distribution has a mean 0.2}
that is equal to the offset of the com- 0

parator, and a standard deviation that
is twice the amount of input-referred

-600 -400 -200 0 200 400 600

RMS-noise. The probability vs AV, AV [uV]

curve is shown in Figure 4.3. It shows "

both the schematic and post-layout re- Fig. 4.3: Probability of a positive output for dif-
sults. ferent values of AVj,

The final non-calibrated offset of the comparator had a standard deviation of around 5.6 mV. Equa-
tion 3.3 can also be used to see that the V};, mismatch on its own creates 4.0mV of standard
deviation in the offset. The additional offset is caused by other mismatches in the comparator. But
the statement that most of the offset is caused by the V;;, mismatch of the input pair is verified.

A final summary of all the simulation results of the dynamic comparator is shown in Table 4.1
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Table 4.1: Dynamic comparator performance

Category

Schematic

Post-layout

Power consumption

(fox = 800 MHz)

36.0 pW

56.9uW (+58%)

Energy per conversion

45.0£J /conversion

71.11J/conversion (+58%)

Comparison delay 153 ps 240 ps (+57%)
(AV;p, =2mV)
Input referred noise lo =125pV lo =140 pV (+12%)
Offset =0V, 1o =559mV | p =163V, lo =5.87mV

4.2 Offset compensation

Miyahara originally also used a method of active offset compensation when he originally published
his comparator design [22]. In Section 3.3 it was described how, for the case of the application in
this work, active offset compensation is also required. The offset compensation technique used here
will expand on the concept from Miyahara.

Before starting the design of the offset compensation, it is important to realize that some com-
monly used techniques for offset compensation in analog circuits are not suitable for this application.
Some of the most commonly used techniques are Chopping and Auto-zeroing [24], but both of these
techniques require linear amplifiers to operate correctly. Since the comparator has a digital output,
the output cannot be used to determine the magnitude of the offset left, but just its polarity. Hence
these techniques cannot be used in dynamic circuits.

In [22], the active offset compensation was implemented by an auxiliary input pair, this is
illustrated in Figure 4.4. The voltage V5 on one side is kept fixed, while on the other side, the
voltage Vc+ is used to compensate for the offset. The voltage needed to compensate for the offset
is determined during a calibration phase. During this phase, the voltage is linearly stepped by a
charge pump that inserts charge into the storage capacitor C¢ on the Vg node. The charge pump
inserts or removes charge based on the output sign of the comparator. An overview of example
waveforms is shown in Figure 4.5.

Di~ //' V. l%+ [ : | I Y B | : : : [ ;
- dd [ [ [
Pre-smpifr ) Ve RN
1 | 1 | 1 | 1 1 1 ] 1 ] I
M4 M5 b
Offset Offset [ T e N A |
1 |} 1 ] 1 1 1 | |
compensation CIES CLK compensation Vof'fsetl ________ : - _: - _: - _: =
| ] ] | |
I 1 ] 1 ]
I 1 1 1 I
i
1]

V;—||; Vin
M1b

e e e B
R L —— R

. . ) ) . Fig. 4.5: Offset compensation technique used
Fig. 4.4: Adjusted pre-amplifier with auxiliary ;, [22]

input pair to allow for offset calibration

After the calibration, both Vi voltages are kept constant. The post-calibrated comparators offset
is limited to a maximum of one step of the charge pump. Ideally, the voltage on the capacitors
remains there indefinitely. In practice, however, the compensation voltage slowly leaks away due to
the gate leakage of M1b/M2b. This is why the storage capacitor is generally quite large, to ensure
the compensation persists for longer.
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4.2.1 Two-sided compensation

Initially, it might seem logical to only compensate a single side, as this only requires one big ca-
pacitor. It does, however, also reduce the compensation range, since one side is always fixed. If
a two-sided compensation is used, there would need to be two big capacitors, but the maximum
compensation range would also increase by at least a factor 2. The maximum compensation range is
generally controlled by sizing the M1b/M2b transistors. If two-sided compensation is used, while the
compensation transistors are reduced in size, the maximum compensation range does not change.
If the M1b/M2b transistors are made smaller, their gate leakage also decreases. This will allow
for a smaller capacitance required to hold the Vi voltage. Hence, the total area might not even
change if the M1b/M2b transistors are sized accordingly. Whether the area is reduced or increased
by two-sided compensation depends on the respective sizing of M1b/M2b compared to M1/M2.

Pre-amplifier gain

In addition to the potential area reduction, another advantage of two-sided compensation becomes
evident when its impact on the pre-amplifier gain is considered. Adding the auxiliary input pair
increases the amount of current draining the Di nodes by a fixed, non-signal-dependent amount.
Because the Di nodes are now drained through these transistors as well, the common mode current
Icop from Equation 4.3 is increased. This reduces the gain in the pre-amplifier, and in turn increases
the noise and offset of the comparator.

To prevent the additional transistors from degrading the performance of the comparator too
much, the current flowing through them should be reduced as much as possible. In the case of
two-sided compensation, not only is the size of the transistors reduced, which results in less total
current flowing through them. The resulting compensation voltages Vi are also lower on average,
since one side isn’t always halfway on, but can instead remain completely off if needed.

4.2.2 Compensation speed

If the charge has leaked away too much, the comparator needs to be re-calibrated. During this
time the system will be blind for any incoming signals. This time window is known beforehand,
and it is possible to deactivate the Scanning Electron Microscope (SEM) during this period, or even
better: for the re-calibration to be synchronized with the operation of the SEM. Still, the calibration
window should preferably be as short as possible. In the case of using linear steps similar to [22],
the maximum compensation time is given by:

Veomp,range
Tcomp =T - —omPTange (45)

chomp,step

If the offset compensation needs to be done very precisely, Viomp,step should be very low, and in
turn, the calibration time becomes very large. A better solution would be to implement a binary
search algorithm to find the offset. This would make the first step have a size of Veomp, range/2-
Each step afterward has half the magnitude of the previous one. Using this method, the calibration
time would be:

V mp,r
Tcomp =Tup - lrlogg (comange>—‘ (46)

‘/comp,step

Although this is significantly lower than using linear steps, implementing binary scaled steps is quite
a challenge, and instead decreasing step sizes are used. This is not as effective as using binary scaled
steps but still reduces the calibration time significantly. Each time the output flips the step size
can be decreased. To achieve this functionality two blocks are needed: A block that detects the
swapping of the output sign, and a charge pump that has a lower step size each time the output
sign swaps.
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Output sign swap detector

To detect a swap in the sign of the output, the circuit in Figure 4.6 is used. Each time an output
is high, it sets the value of its respective latch to ‘1’. If both latches are set to ‘1’, meaning both
outputs have been high before, the latches are reset and the output swap gives a short pulse. The
simulation results of the circuit are shown in Figure 4.7.

o B
—Out+
—Out-

e

Voltage [V]
o
(3]

out- =S

o

swap —R O— L

12 14 16 18 20 22 24
w swap Time [ns]

Fig. 4.6: Circuit used to detect swapping of the 1 1 1T 1 1 1

output sign 12 14 16 18 20 22 24
Time [ns]

out+ —Js

-y

swap —R Qf—

Voltage [V]
(=]
(3]

o

Fig. 4.7: Simulation results of the output swap
detector circuit

Charge pump with decreasing step size

The charge pump places and removes charge into a storage capacitor to calibrate the offset. It needs
to be able to add or remove charge based on the output of the comparator. This should only happen
during the calibration, the calibration phase is indicated by the active high calb signal. When the
system is working as intended, it should decrease the step size each time the swap signal goes high.
The implementation of this functionality is shown in Figure 4.8. It only shows the charge pump for
the Vg side, for the V5 side, the signals out+ and out- are swapped.
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Fig. 4.8: Charge pump implementation Fig. 4.9: Simulation results of the
charge pump circuit with decreasing

step size

Before the calibration starts, the signal calb is low, the voltages Vjuiup and Vpuiidown are pulled to
VSS and VDD respectively. During calibration, some charge is removed from the Cpuiiwp and Cpuiidown
capacitors each time the swap signal goes high. The lower charge on the capacitor decreases the Vy,
of the current source/sink transistors. This lowers the current they allow through. Finally, some
switches at the output are used to control the direction of the charge pump based on the output of
the comparator. The simulation results are shown in Figure 4.9.

4.2.3 Maximum calibration range

The size of the M1b/M2b transistors, relative to the M1/M2 transistors determines the maximum
offset that can be calibrated. The maximum calibration can be found by setting ng to VDD and
V& to VSS or vice versa. For the target application, it should be set sufficiently high such that
the probability of all comparators falling within this range is high enough. As an example, if the
maximum calibration range is set at 6x the standard deviation of the offset, Veaip.maz = 6-0(Vosfset)s
the probability of all 8000 pixels working would be 99.5%.

It is important to realize that not all offset is coming from the comparator. Other sources of
offset are the mismatch in the reset switches and differences in Cy4 of the input pair, resulting in a
mismatch in the kickback of the comparator. The mismatch between Cp and Cegymmy also results
in a difference in kickback. An estimation of the total offset is ~ 10 mV, which will be used to size
the M1b/M2b transistors.

As this application is a proof of concept, the maximum calibration range is set quite high,
at 330mV, to ensure the concept of the system works. For the final application, the transistors
M1b/M2b can be sized a factor 5 smaller, such that Veap maz = 60 (Vorsser). This means that also
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for this proof of concept, the size of the storage capacitors will be quite large compared to the final
version.

In the post-layout simulation, the offset compensation is able to reduce the offset of the dynamic
comparator from lo = 5.59mV to 1o = 1721uV.

4.2.4 Charge leakage

Another problem arises when the calibration mode is left on for too long. When this happens, the
charge in the Cpyiiup and Cpuiidown capacitors will be completely removed because of all the swap
signals. This means that the calibration mode is practically turned off. However, due to the leakage
of the M1b/M2b transistors, the calibration will drift away. To ensure the system is calibrated after
the calb signal becomes ‘0’ again, the switches S2/S3 in Figure 4.8 are sized considerably larger
than the switches S1/54.

As a result, if the system remains in calibration mode for too long, the capacitors Cpuiiup and
Chpulidown Will slowly be charged again because the leakage of the S2/S3 switches is higher than that
of the S1/S4 switches. This means that the step size will increase again very slowly if the output
remains with the same polarity.

4.3 Threshold generation

As mentioned in Section 3.4, the goal is to generate a charge on the detector with the opposite
sign compared to the signal charge. This charge first needs to be removed by the incoming signal
and will act as a threshold for the comparator. To generate the charge, either a current can be
integrated over time, or a voltage can be converted into a charge using a capacitor.

Integrating a current If the charge is generated by a current source, both an accurate current
and precise timing is needed. Since the charge should be generated after the detector has been reset
and before the comparator starts its next comparison, the time window to generate the charge is very
small. If Tc5er = 300 ps and Teomp = 350 ps, the time left for the charge generation is 600 ps. To
make this short time window Process, Voltage, Temperature (PVT) resilient poses quite a challenge.
Also, the switching of the current source will inject some switching noise into the system, which is
directly added to the generated threshold. Hence integrating a current is not the preferred solution.

Converting voltage to charge To convert a voltage to
a charge, a conversion through a capacitor is needed. The
principle is illustrated in Figure 4.10. By stepping the volt-

he right b i : Vb
age on t g V Vstep, the detector voltage rises by _“a J_Vstep
Vb step = VistepClep/(Caep + Cb) Cp =
If Cyep < Ch, 1
Vb,step = VstepClep/Ch 'VR
Q. step = VitepCaep Fig. 4.10: Circuit diagram to con-

This ensures the amount of charge generated is independent vert voltage to charge

of CD-

Although this type of threshold generation can happen very fast, there are some notable disadvan-
tages. If it is required that Cy.p, < Cp, meaning Cyc,, should be in the order of a few fF, but still be
very accurate. Although it can be challenging, capacitors with similar magnitudes have been made
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before with success. In previous literature, 2 fF capacitors have been made with accuracies up to
0.43% in a 0.35 pm technology [25].

Furthermore the addition of C4., will increase the equivalent capacitance at the input, which
in turn lowers the signal amplitude. The final accuracy of the charge generation depends on the
accuracy of the voltage step Viep and the depletion capacitor Cyep. The voltage step can be
generated by stepping between VSS and VDD and using a capacitive divider for the desired step size.
This will create a dependence on VDD, but as the power comes from an external power supply it is
fairly constant. The main consideration is the ripple voltage, which can be reduced by decoupling
caps and wide power traces near the threshold generation blocks.

4.3.1 Cy, design

The depletion capacitor should be designed with high accuracy, and at very small values. The
capacitors with the least variance in a Monte Carlo simulation for this technology are MOSCAPs.
MOSCAPs however, have a varying capacitance that depends on the applied voltages. If the applied
step voltage Vep is kept small enough, the capacitance of the MOSCAP can be assumed constant.
Their value can also change quite drastically over corners, but as this variation is constant for all
pixels, it can be manually compensated for.

MOSCAPs also have a different capacitance, depending on from which terminal you look. To
minimize the load on the detector, both situations are tested. In the case that the MOSCAP is
connected with the gate to the detector, the load on the detector was minimized for the amount of
threshold generated. Hence that configuration is chosen.

1201
Since the detector voltage is known (Vp = 100 DZ:&J
600mV), the capacitance vs. the Vi, voltag -
can be plotted to determine the best operating re- S 80t
gion. The situation for a minimum size MOSFET oé
is shown in Figure 4.11. 601
When Ve, stays near VDD, the capacitance re-
. . 40
mains approximately constant. Therefore Ve | | ! ! =
voltage should preferably be biased near VDD. For 0 02 04 06 08 1
the final implementation, an NMOSCAP is used Vstep V]
of size 800 nm x 400 nm. This gives an additional
load capacitance of 960 aF. Fig. 4.11: Capacitance Cgep VS Vitep

voltage. The Cyep is implemented using
a MOSFET with the source and drain
shorted together

4.3.2 Circuit design

To generate the small step and keep one terminal of the MOSCAP near VDD, the circuit in Figure
4.12 was used.
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During the reset (reset = 1), the
detector capacitance is pulled to-
wards Vpqs. If the Qth generation
is enabled, Viep,pig Will drop from
VDD to GND. This step will also
decrease the voltage Ve, accord-
ing to the capacitive divider. The
voltage Viiep, which was previously
at VDD, will now be at VDD — AV.
Since Vitep, is also connected to Vp
through Cgep, the Vp node will be
pulled down slightly, but as the re-
set switch is closed it will quickly
return to Viias.

When the reset is done, reset

returns to 0. This pulls =
Vistep,pig to VDD again, and E
closes the switch on the right, )
such that Vi, is pulled to- §

wards VDD. Where V), previ-
ously stepped down, it is now

pulled to VDD again. This in- S
crease again translates to Vp g

©
through Cyep. However, as §

the reset switch is now turned
off, the detector voltage will
not be pulled towards Vi
again, but instead, the thresh-
old charge will be added on
top of the bias voltage. The
waveforms are shown in Fig-
ure 4.13. First, the detec-
tor is reset without generat-
ing a threshold to measure the
charge injected from the reset
switch. Afterwards, the Qth
generator is enabled and the
threshold is added to the de-
tector capacitance.
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Fig. 4.12: The circuit used to generate a threshold charge
on the detector capacitance.
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Fig. 4.13: Signal waveforms of the Qth generation block

To ensure the threshold charge can be selected, the value of Cep 2 is made adjustable using digital
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logic. The subsequent values for the thresholds are shown in Figure 4.14.

The difference between the schematic and post-layout simulation results is mainly caused by the
inaccurate modeling of the parasitics of the MOSCAP. When a post-layout extraction is done of just
the MOSCAP, the capacitance is ~ 20% larger than in the schematic. This increased capacitance
will result in a larger threshold generated.

k 4
o 800 | * Schematic %
§700 X * Post-layout —+ 1 1
-§ 600 = ag (ch) T % +
%:,500 . et : Pt
£ 400 S e e
S 300F . o2 7
200 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Bitcode []

Fig. 4.14: Simulation results of the charge generated by the Qth generator. The charge generated
is expressed as a number of electrons

The standard deviation of the Qth generator is shown in Figure 4.14. It can be seen that at a value
of 500e™, the system is accurate with a o of 12e™. It also remains quite constant for different values
of Cp, varying only by le™ when Cp goes from 20 fF to 50 fF It does increase linearly for different
temperatures, with a temperature coefficient of 0.272e~ /°C.

4.3.3 Layout considerations

For the layout the capacitor Cy.p is the most design critical. To minimize the parasitics, the con-
nections of the MOSCAP are routed away in poly and n-type silicon, before going to metal 1. This
minimizes the additional parasitic capacitance created by the metal traces. The entire MOSCAP
is also placed within a guard ring to ensure it is sufficiently isolated from the p-substrate. Finally,
some additional buffers are used to drive the capacitive divider.

4.4 Additional blocks

Besides the main components of the readout, some additional blocks are required for the full oper-
ation. In this section, the design of 3 additional blocks will be discussed.

4.4.1 Reset generation

The reset generator is used to generate a reset signal of programmable width. It is also required that
the system will always reset when the system is in calibration mode. This is needed to ensure the
input voltages of the comparator are equal, and the comparator is calibrated towards 0 offset. The
circuit used for this is shown in Figure 4.15. Using a programmable delay line allows for the selection
of the desired reset pulse width. The latch is designed in such a way that it gives a nreset = ‘1’
output when both set and reset are ‘1’. This ensures that no matter how long the comparator gives
an output, the reset pulse on the other end will have the same length.
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+
ouT S Q—
ouT™ —
calb — Delay line R Q— reset

SEL<0:3>

Fig. 4.15: Circuit diagram of the reset generator, the latch is designed such that it gives a nreset =
‘1’ output whenever set and reset are both ‘1’

The post-layout simulation results of the circuit are shown in Figure 4.16 and 4.17.
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Fig. 4.16: The output waveform of the reset Fig. 4.17: Values for the different reset widths
generator, nreset possible given an input bitcode

As can be seen, the reset network allows for precise control of the reset pulse width, and the system
is invariant to the width of the input pulse OUT+ or OUT-.

4.4.2 Asynchronous reset

A 800 MHz is necessary for the correct operation of the readout. However, only a 400 MHz CLK is
available from the FPGA (The FPGA used for this project is the DE10-Standard development board
with the Intel Cyclone® V SE 5CSXFC6D6F31C6N). To generate this frequency, the incoming clock,
CLK of 400 MHz, is converted into CLKcomp of 800 MHz using the circuit shown in Figure 4.18.

Doy }H > Vser
CLK 7 S Q

ouT* R g—
ouT~ Vrst

Fig. 4.18: Circuit used to asynchronously reset the comparator and generate a 800 MHz CLK

CLK comp
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The top part of the circuit consists of
an edge detector, which gives a short
pulse, Vsgr, whenever there is a ris-
ing or falling edge of the CLK. When

|
an edge is detected, CLKcqpp is set to ‘17, ot 2 . r r r :
and the comparator starts to compare 0 0.5 1 1.5 2 25 3
its inputs. When either OUTT or OUT™ Time [ns]
becomes ‘1’, the comparison is done and 1 —_
the comparator can be reset again. The . F\ ﬂ — Veer
value of CLKcomp is set to ‘0’ again using 0 " i i i i —
an OR-gate. This system ensures the 0 0.5 1 1.5 2 2.5 3
comparator is only reset once it is done Time [ns]
with its comparison and will not be re- 1} —
set prematurely. The resulting CLKconp . ﬂ ﬂ _CLKcomp

0 i i i H—

1 1.5 2 2.5 3

will most likely not have a duty cycle :
of 50%, to ensure the comparator resets 0 0.5
Time [ns]
! [l [‘ —out+
0 | | { out- |
0.5
0.5

Voltage [V]
o
(&)}

Voltage [V]
o
(6]

Voltage [V]
o
(&)}

large. This ensures that the comparator
will reset fast enough even if the com-
parison takes a bit longer. 0

The resulting waveforms are shown

Voltage [V]
o
(6]

fast enough, the reset switches M4 and
M5 from Figure 4.2 are sized relatively

1 1.5 2 25 3
Time [ns]

in Figure 4.19. The duty cycle of CLKcomp % 1 —

is 21.0% for the schematic simulation 205 ﬂ — Vst

and 30.3% for the post-layout simula- 5 0 N e N — =

. . . . >

tion. The increase in duty cycle is 0 1 1.5 2 25 3
mainly caused by the additional delay of Time [ns]

the dynamic comparator, as mentioned

in Table 4.1. The simulation is done

with the dynamic comparator connected

as well, to mimic the behavior in the fi- Fig. 4.19: Simulation results of the asynchronous
nal pixel. reset circuit, simulated in combination with the

dynamic comparator

4.4.3 Output buffer

The comparator gives an output stream which consists of short pulses on the OUT™ and OUT™ lines at
a frequency of 800 MHz. However, the FPGA cannot detect these short pulses, so an intermediate
buffer is used. The output buffer takes the signals OUTT and OUT™, and gives 2 output lines which
both have a frequency of 400 MHz. One is for the output of the comparator in the first phase in
the CLK cycle and the other is for the output in the second phase of the CLK cycle. The circuit
diagram is shown in Figure 4.20.
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CLK
ouTt
CIK >
CLK
ouT™

input and the output of the buffer

The latches are reset to their base
value on each rising edge of the
CLK cycle. The top latch has a
base value of ‘0’, while the bot-
tom latch has a base value of ‘1.
If, during the first phase of the
CLK cycle (CLK = ‘1"), OUT" be-
comes high, the output of the top
latch is set to ‘1’. For the bottom
latch, the system works in reverse.
If the OUT™ becomes high during
the second phase of the CLK cy-
cle (CLK = ‘0’), the latch has its
value set to ‘0’. At a new CLK cy-
cle, both values are sampled onto
the flipflops to ensure the width of
each pulse is a single CLK cycle.

The simulation results are
shown in Figure 4.21. Although
all samples are now delayed with
a CLK cycle, this error is pre-
dictable and can be corrected for
when reconstructing an image for
the SEM. The two outputs of the
output buffer are both routed to
separate inputs of the FPGA so
they can be processed further. In
a final system, both outputs from
the latch can be combined using an
OR gate to give a single output bit-
stream at 400 MHz. However, as
this is a prototype, both outputs
will be monitored for classification
purposes.
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Fig. 4.20: Circuit diagram of the output buffer,
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Fig. 4.21: Simulation results of the output buffer given every
third output of the comparator is positive
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4.5 Pixel overview

With all these blocks in place, the pixel is operational and can detect incoming signals. The complete
functional block diagram of one pixel, as introduced in this chapter, is shown in Figure 4.22

To be able to qualify experimentally the performance of the readout circuit, several auxiliary
blocks are required. The design of these blocks will be discussed in Chapter 5.

. reset generator
Vb|as g —

Offset T
f reset compensation j—g
le /g ]
Vv
clVc
Qtn
—> _ ouT+ | OUTyn 1

-ﬂ_ Output
. GoT-|, buffer OUTph,z

A A
ummy CLKcomp
. Asynchronous [T
A reset
1

VR CLK

WV

Qth generator

Fig. 4.22: Functional block diagram of the pixel

The pixel in operation will be tested with an ideal detector. The simulation results are shown in
Figure 4.23. The current pulse generated by the detector representing an input signal is given by
Igen. The signal is drowned out underneath the kickback of the comparator, however, the kickback
is common mode. The incoming signal is still visible in the differential part, AVi, = Vaummy — Vier-
This allows the comparator to ignore the kickback and still make the correct decision.

The outputs of the comparator are used by the output buffer to generate the 0UTyy, 1 and OUTgy, 2
signals. The asynchronous reset also uses the outputs of the comparator to generate the CLKconp
signal. The outputs of the comparator are also used by the reset generator to reset the voltages on
the detector and dummy and generate a new threshold that is placed on the detector. The threshold
can also be seen in the AV, signal as the value lies at ~ 2.5 mV when no hits are arriving.

The first 100ns of the simulation is used to calibrate the dynamic comparator. The values of
VCJf and V; are adjusted to ensure the comparator has 0 offset. At ¢ = 130 ns the hits arrive in the
pattern “1110 0011 0010” which repeats forever.

The system is tested and verified in all process corners, as well as over a temperature range of
0°C — 100°C. To test the calibration the system is also verified using Monte-Carlo simulations.
The CLK phase in which the hits arrived is also adjusted to verify the system’s functions whenever
a hit arrives. Lastly, the mismatch between the dummy and detector capacitance is also analyzed,
and the system worked with a mismatch of £5f{F.

The final power consumption of a single pixel is 188 nW, which is an improvement on the current
mode read-out circuits designed previously, which had a power consumption of 320 pW.
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Fig. 4.23: Simulation results of a single pixel, using an ideal detector model
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5. Design For Testability (DFT)

In addition to examining the comparator output, other individual parameters of the chip need to
be measured to verify if the readout is working correctly. These parameters can also be used to
determine any sources of error in the chip and classify its overall performance. A circuit that mimics
the behavior of the detector is also required, as the actual detector is not available to be bonded to
the chip for this thesis. This chapter will focus on all the project parts used to test the readout and
its functionality.

5.1 Delay measurement

The delay of the comparator, as well as the width of the reset pulse, needs to be measured. These
timings are quite short, in the order of a few hundred ps, which makes them not measurable on
an external oscilloscope. These signals should be measured internally and converted to a readable
output for the external scope. To do this, the delay measurement block is designed.

5.1.1 PWM delay measurement

Both the comparator’s delay and the reset pulse’s width are assumed to be constant over a long
period of time if given the same input conditions. This means that repeated measurements can
be used to obtain a more accurate value. The method used is to first convert the delay of the
comparator into a pulse with a width equal to the delay using digital logic (CLKcomp - RSTaet). This
pulse is generated every CLK cycle. The average voltage of this signal is now equal to the average
time the pulse is on. To obtain this average a low-pass RC filter is used. The schematic is shown in

Figure 5.1.
v 1ﬂ[>—|: Buffer - v
urer = Vout
Q)

N7 N

Fig. 5.1: The circuit used for measuring the delay of the comparator and reset width

The voltage Vpw s is the signal to be measured. In the final system, a control signal allows for a
selection to be made. The Vpw s can either be set to CLKcomp - RSTget Or RSTget, allowing for both
the measurement of comparator delay, as well as the measurement of reset width.

If the ripple created by the RC filter is neglected, the voltage V,,; is defined by:

Tpulse

Vouwt = VDD - (5.1)

TCLK comp
Using Equation 5.1, a variation of 10 ps would result in a variation of 8.8 mV. Which can quite
accurately be measured using a simple multimeter. It should be noted that more accurate Time to
Digital Converters (TDCs) can be made in 40 nm technology [26] [27], but this solution was chosen
due to its simplicity to implement. In the design of the digital buffer on the left of Figure 5.1, a
fan-out of 2 was chosen. This allows for sharp rise and fall timings, which minimally distort the
digital signal. The total delay is not important as the signal gets filtered to DC afterward.
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5.1.2 Buffer design

An output buffer driving the pad is required in
order to prevent distortion. This buffer should
have quite a large input voltage range and out-
put voltage range because the signal from the RC
filter can vary from VSS for T}yuse = Ons to VDD
for Tpuise = 1.25ns. Such a buffer is very hard
to design; instead, a different approach will be a0k
used. Instead, the amplitude will be reduced by

——Schematic
— Post-layout

placing additional resistors at the output going to 7 20}
Vpp and Vgg. This will lower the signal ampli- g
tude, while still keeping the range in the middle of 5 ot

the voltage range. If both resistors have a value
double that of the previous resistor, the output 20}
voltage will vary between Vpp/4 and 3Vpp/4.
This range 15 easier to des.ign .for. Both these '4200 4(')0 6(.)0 8(.)0
new schematics can be seen in Figure 5.3 and 5.4. Pulse width [ps]

The amplifier used is a folded cascode with both

PMOS and NMOS input pair to improve the com- Fig. 5.2: Error of the pulse width measure-
mon mode range. The error resulting due to the ment after the final buffer

non-idealities of the buffer are shown in Figure 5.2.

The errors are mainly caused due to the limited

gain of the amplifier at these input voltages.

VbD VbD Vbp

Fig. 5.3: Adjusted schematic for the delay
measurement

Fig. 5.4: Circuit used for the delay measurement buffer

5.2 Offset and noise

To measure the noise and offset coming from the comparator and the reset switches, a small differ-
ential input needs to be applied to the input of the comparator.
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5.2.1 AV, generator design

Since the required differential signal is in the order of tens of nV, an

external supply is insufficiently accurate. To generate the differential

signal, internal circuitry is used. The diagram of the circuit used is

shown in Figure 5.6. The configuration used is a resistive divider to

obtain the approximate value of 600 mV for the common mode volt-

age of V,.cr, and a Wheatstone bridge to generate the small differential

signal. The resistor R4 can be programmed to different values using Vdd
digital control signals, to obtain different values for a differential sig-

nal. The final results are shown in Figure 5.5.

Ry
400
¥
* Schematic g ! J_ J_
S 300} *  Post-layout g 0
= g !
< 200 o ¥ R, R;
q %
100 4 + Vyef -
%
]

0 L L L L L L L L L L L L L L 1
0123456738 9101112131415

N
Bitcode [] R\ AN Rs

6 T ]
24
= Ry
£
>
d 2}
)

Fig. 5.6: The circuit used
1 e for the AV}, reference gen-
01234567 8 9101112131415 erator

Bitcode []

Fig. 5.5: Mean and standard deviation of the generated V;..¢, for both
schematic and post-layout simulation results
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5.2.2 Bias selection

To apply the small differential signal at the input,

the voltages to which the detector and dummy ca- SEL<O:1>

pacitor are reset were modified. While calibrating,

both signals should be linked to an identical reset VT:f
voltage. However, for the subsequent measure- < V-
ments, they need to be connected to a differential k 2 V;Zm
voltage. This can be either the internal voltage v '
reference or an external voltage reference. The in- dummy,ect

ternal reference requires to be able to be connected
both ways around. To select between all the dif-
ferent options, a multiplexer is used as shown in
Figure 5.7.

Fig. 5.7: The bias selection circuit is used to
determine to which voltage the detector and
dummy capacitor should reset

The SEL signal is generated based on 4 control signals, namely: calb, int_ref, ext_ref and pol.
They are used to indicate if the system is calibrating, should use an internal reference an external
reference and in which polarity the internal reference should be connected respectively.

Whenever calb = 1, both the detector and dummy capacitor are set to the same external bias
Viet,ext- This ensures that during calibration the offset is always brought to 0. The signals int_ref
and ext_ref are used to indicate if the internal or the external reference should be used after the
calibration. In case both are 0, the same voltage is used for both the detector and dummy capacitor.
Finally, when using the internal reference, the signal pol can be used to select the orientation of
the internal reference. A truth table of all the connections is given in Table 5.1.

Table 5.1: Bias selection truth table

5|3

O A | 0| & det dummy

0 0 0 0 Vdet,ea:t Vdet,ezt
0 0 0 1 Vdet,emt Vdet,ext
0 0 1 0 Vdet,emt Vdummy,ezt
0 0 1 1 Vdet,ext Vdummy,eact
o[1]ofo| VI, Vs

o[1]o]1 ot Vi

0 1 1 0 Vdet,ea:t Vdummy,ezt
0 1 1 1 Vdet,ext Vdummy,ext
1 0 0 0 Vdet,ea:t Vdet,ezt
1 0 0 1 Vdet,ext Vdet,ext
1 0 1 0 Vdet,emt Vdet,ezt
1 0 1 1 Vdet,ext Vdet,ext
1 1 0 0 Vdet,ea:t Vdet,ezt
1 1 0 1 Vdet,emt Vdet,emt
1 1 1 0 Vdet,ea:t Vdet,ezt
1 1 1 1 Vdet,ert Vdet,emt
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5.3. SIGNAL GENERATION CHAPTER 5. DESIGN FOR TESTABILITY (DFT)

5.3 Signal generation

To test the functionality of the system, the signal generated by the detector was replicated by some
internal circuitry to mimic the detector’s behavior. To do this, three different blocks were designed:
A block to convert the rising edge of the trigger signal to a pulse with a specified width of ~ 1.8 ns, a
block to generate multiple pulses in short succession of each other, and a block to convert the digital
voltage pulse into a current pulse with a programmable amplitude. All the blocks in this section
have previously been designed by Alireza Mohammad Zaki, the daily supervisor of this project,
and are not designed by the author of this thesis. Nevertheless, their functionality will briefly be
described.

5.3.1 Trigger generator

This block generates a pulse of a pre-programmed length, the schematic overview is shown in Figure
5.8. It consists of a rising edge detector, with a programmable delay line to select the desired pulse
width. An enable is added and buffers are placed inside the delay line to ensure adequate signal
strength. The waveforms resulting from an input step are shown in Figure 5.9.

TRIGGER

EN Delay line

SEL<0:2>

Fig. 5.8: Trigger generator schematic diagram

1.2r 2.6
]
1 [ 2.4 3
" X
0.8} Bitcode: 22¢F
—0 - ¥
— —1 £
= 06} 2 = 2t
) 5 1
8 3 E
S o4 —4 818} x
: g
6 x
0.2 —7 16
LU ”
0 —J 1.4}
X
0.2 1 1 1 1 1 } 12 1 1 1 1 1 1
0 0.5 1 15 2 25 3 0 1 2 3 4 5 6 7
Time [ns] Bitcode []

Fig. 5.9: Simulation results of the trigger gen- Fig. 5.10: The width of the trigger pulse vs.
erator circuit the input bitcode
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5.3.2 Multiple pulse generator

The pulse width generator can only generate a pulse every other CLK cycle. However, in the real
setup hits can arrive 2.5 ns spaced apart. To test the system under this condition the multiple pulse
generator is used. It can convert the single pulse from the trigger generator into two or three pulses,
with programmable spacing between them. The circuit used to achieve this is shown in Figure 5.11.

S_DOUBLE<0:4> S_TRIPLE<0:4>

DOUBLE_EN

PULSE_OUT
PULSE_IN

Fig. 5.11: Schematic diagram of the multiple pulse generator

The second pulse arrives after the first programmable delay block, and the third pulse arrives after
both programmable delay blocks. Both the second and third pulse can be activated or deactivated
independently using DOUBLE_EN and TRIPLE_EN respectively. An example simulated waveform is
provided in Figure 5.12. Due to the time the MUX requires to turn on, each pulse shrinks slightly.

1 - -
0.8 | 1
>
g 06 Ne—>1.82 ns €—>{1.72 ns <€—>11.58 ns|
S 047 -
>
0.2 [ |
0 H
-0.2 L L
0 5 10 15
Time [ns]

Fig. 5.12: The post-layout simulation results of the multiple pulse generator, S_DOUBLE and S_TRIPLE
are both set to 15, the input pulse is 1.8 ns wide

5.3.3 Current DAC

The current DAC is able to mimic the current generated by the detector, which has a value of
~ 89nA. This value is also made adjustable so different hits can be tested to monitor the response
of the readout. As these step sizes need to be quite small (8.8 nA), they are generated a factor 10x
larger. A current mirror is then used to divide the current by 10. Figure 5.13 shows a schematic
overview of this. The simulation results can be seen in Table 5.2.
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88 nd 176 nA
880 nA +10% +20% FPGA
ideal \ Bit 1 \ Bit 2 Trigger
) ‘ N
Bit 3 .
Charge Signal
176 nA Mirror
-20% 10:1
Fig. 5.13: High level diagram of the current DAC operation
Table 5.2: Simulation results of the current DAC
Target Generated
Amplitude | Current [nA] | Current [nA] | Bit 1 | Bit 2 | Bit 3
Ideal — 20% 70.4 71.32 0 0 1
Ideal — 10% 79.2 79.2 1 0 1
Ideal 88 86.97 0 0 0
Ideal + 10% 96.8 95.14 1 0 0
Ideal + 20% 105.6 103.24 0 1 0
Ideal + 30% 114.4 111.3 1 1 0

5.4 Detector and dummy

The detector and dummy capacitor are the final on-chip components needed to test the system.
Their main requirement is to have an accurate, adjustable value. To achieve this, MOSCAPs are
used as they have a very accurate value when biased in the correct region.

To reset the voltages to the correct values, complementary switches are used. These switches
minimize the amount of charge injection and CLK feedthrough. They do come at the cost of
additional logic circuitry to generate the inverse control signal.

The final simulation results are shown in Figure 5.14. The step size is ~ 6 fF, with a range of
10fF - 100fF. In the schematic simulation, the system is ideal so there is no difference between the
detector and dummy capacitor. After the layout was done a difference in capacitance of at most 1 fF
is observed. The increase in capacitance in the post-layout simulation is mainly due to the various
parasitics present on the detector and dummy nodes.

44



5.5. POWER CONSUMPTION CHAPTER 5. DESIGN FOR TESTABILITY (DFT)

120 — T T T T T T T T T T
C .
det/dummy,schematic
100 } * Cdet,layout &
%
dummy,layout L
A T X
o x
i 80 % X
h=h - X
]
g % X
S 60} x x 1
5 1 x
§ l X %
(8] | x
40 3 b 4 X -
* x
X
L X i
20 it
* X
0 L L L L L L L L L L L
0 1

2 3456 7 8 9101112131415
Bitcode []

Fig. 5.14: Detector and dummy capacitance vs. the input bit-code

5.5 Power consumption

The total power consumption depends on whether a pixel is detecting incoming hits or is in cali-
bration mode. The total power consumption of a pixel during detection is 343 uyW and the power
consumption of a pixel during calibration is 354 pW. Although these numbers are relatively high,
they also include the power consumption from the signal generation blocks and the measurement
blocks. Just the readout required 188 n'W during detection and 198 pyW during calibration. A full
breakdown of the power consumption for both scenarios can be found in Appendix B.

5.6 Layout overview

With all blocks in place, the interconnects between them were made. Four different pixels were
designed, each with a different value for the offset compensation capacitors Cc. The values are:
2pF, 5pF, 10pF and 20pF. For a final product a value of 2pF would suffice, but for testing
purposes, larger values were also tested and evaluated. The layout of the 2 pF pixel is shown in
Figure 5.15.

The control signals are all the vertical traces, which are mostly placed in M4. The x-coordinates
where the control signals enter and leave the pixel are aligned, such that multiple pixels can be
stacked on top of each other. The main power traces are routed in M7. They are also aligned on
the left and right of the pixel to allow for stacking of the pixels in the horizontal direction.

The total pixel uses an area of 80pm x 98 pm, but it is important to realize that this also
includes DFT blocks. When the chip is directly bonded to the detector, Blocks 1, 8, and 10 can be
eliminated, resulting in approximately a 50% reduction in the area.
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. , g 2
98 ym

Fig. 5.15: Layout of the 2pF pixel. 1. Current DAC, 2. Detector and dummy capacitor, 3.
Dynamic comparator, 4. Reset generator, 5. Qth generator, 6. Output buffer, 7. Asynchronous
reset, 8. Delay measurement, 9. Offset compensation, 10. AV}, reference and 11. PIXEL_SEL (will
be elaborated on below)

A total of 12 pixels are placed in the final layout, 3 pixels for each value of C'c. All pixels are
connected to the same bus wires through the PIXEL_SEL block. Four signals are used to select a
pixel from the grid. Each pixel has its own address, when a pixel detects that the address requested
is equal to its own, it connects all the inputs and outputs of the pixel to the bus wires. An overview
of all 12 pixels and their interconnects is shown in Figure 5.16.
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DAC_MODE

SR_DATA

W
o
<
-l
o
<
-

SR_OUT
VCOMP_N
VCOMP_P
DELAY_MEAS
VIN_P

VIN_N

CALB_EN

1.5 mm

VDD_DI_TOP
VSS_DI_TOP

VSS_RING
COMP_OUT_PH2_TX_P
COMP_OUT_PH2_TX_N

<€

DAC_TRIG_RX_N

DAC_TRIG_RX_P

COMP_TRIG_RX_N

COMP_OUT_PH1_TX_P
COMP_OUT_PH1_TX_N
COMP_TRIG_RX_P

Fig. 5.16: Layout of all 12 pixels and additional blocks. The chip was shared with another project,
and only the parts of the chip relevant to this project are shown. 1. 20 pF pixels, 2. 10 pF pixels,
3. 5 pF pixels, 4. 2 pF pixels, 5. Shift register, 6. Multiple pulse generator, 7. Decoupling capacitor
and 8. Trigger generator

5.7 Measurement setup

To verify and quantify the performance of the final chip, the setup present off-chip is also important.
The design of the FPGA code and PCB will be discussed in this section.

This project was combined with another project on the same chip. Hence some parts of the
pad-ring and PCB design are not related to this project. Where applicable, the parts relevant to
this project will be indicated in the figures.

5.7.1 FPGA code

The FPGA used in this project has to perform several tasks: First program the shift register with
the correct settings, calibrate the system if required, send trigger pulses if required and lastly, read
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back the outputs from the chip.

The different settings of the chip were made easily adjustable to make sure the FPGA does not
need to be resynthesized every time something needs to be adjusted. To ensure ease of testing, the
pixel to be tested is made selectable using switches on the FPGA. Furthermore, the FPGA also has
switches that control the type of test to be performed. Based on the selection of the test different
control signals are loaded onto the shift register. A list of all the different tests is given in Chapter
6.

For certain tests, a variable is swept to see the effects on the system performance. For this,
a sweep variable is introduced. Based on the test selected the sweep variable controls a different
control signal inside the chip. Some examples are the value of @y or Ts.

An overview of the functionality of all the different buttons and displays is given in Figure 5.17.
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S_test<3:0> S_pix<3:0>

Fig. 5.17: Top view of the FPGA and the different functions of the buttons and displays

The FPGA was tested beforehand to ensure it works correctly. The outputs of the system are routed
to the chip, as well as to a GPIO header pin. The GPIO pin was monitored on the oscilloscope to
validate the programming, calibration and trigger worked as expected. The oscilloscope used for
this project is the Tektronix MSO6B. The measured waveforms for the shift register programming
are shown in Figure 5.18. The full FPGA code is given in Appendix C.
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Fig. 5.18: SR programming bits generated by the FPGA. The signals are routed to GPIO pins
which are monitored by the oscilloscope

5.7.2 PCB design and lab setup

The design of the PCB for this project was outsourced. The requirements for the PCB delivered
to the external party will be discussed, as well as the lab setup used. A high-level overview of the
PCB and lab setup is shown in Figure 5.19.

All digital signals that are operating at the CLK frequency of the FPGA (frpca = 400 MHz),
are connected to the chip through LVDS connections. This ensures the signals are minimally dis-
torted and can operate at the desired frequency. The signals that are connected through an LVDS
connection are: OUT_COMP_PH1, OUT_COMP_PH2, COMP_TRIG and CLK.

The programming of the shift register only needs to be done at the start of the test and does not
need to operate at 400 MHz. The SR_CLK operates at 5 MHz and hence does not use LVDS signaling.

The voltages used to compensate the dynamic comparator, Vg /V¢ , are called VCOMP_P and
VCOMP_N in Figure 5.19. These are given to an analog buffer and routed to an oscilloscope through
SMA connectors. By observing these voltages the calibration time of the system can be measured.

The DELAY MEAS signal is used to measure the reset width and the delay of the comparator, as
described in Section 5.1. The signal TAC_LARS is similar to the DELAY_MEAS signal, but it is used to
measure the width of the input trigger pulse. This allows for the verification of the performance of
the trigger generator and consecutive pulse generator.

The biasing voltages of the detector and dummy capacitor are set by the voltages VIN P and
VIN_N respectively, which can be set using an external supply. Finally, all the connections to the
FPGA are made through an HSMC connector cable. The signals from the FPGA are also buffered
and isolated from the chip.
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Fig. 5.19: High-level overview of the PCB structure. All the signals relevant to this project are
marked red. The multimeter used is the Keithley 2002, and the voltage source used is the Keysight
B2912B.
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The chip itself is bonded directly onto a small PCB, which can be plugged into the main PCB for
measurement. A picture of the PCB with a chip connected is shown in the figure below.

f

Fig. 5.20: Picture of the PCB with the chip connected. The white cap is used to protect the chip
after bonding. The HSMC connector cable can be seen on the left.

With the entire measurement setup prepared. The measurements can be performed and compared
with the simulated values to validate the chip performance.
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6. Planned measurements

All the desired measurements of the chip are given their own test. The test to be performed is
selectable on the FPGA, which in turn programs the shift register and sends the correct control
signals to the chip. This chapter will provide a list of all tests to be performed. Unfortunately, due
to delays in the chip delivery, none of the tests have been performed yet.

Test 0

Goal: Measuring the input-referred offset of the comparator without calibration.

Setup: The biasing voltage of the detector and dummy is set to use the external reference (voltage
supplies). Calibration is turned off and no triggers are applied. The output of the comparator is
monitored on the oscilloscope. When the output switches from positive to negative, the resulting
differential voltage is measured using a multimeter.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 1

Goal: Measure the delay of the dynamic comparator

Setup: The CALB signal from the FPGA is continuously pulled towards Vpp. The delay measure-
ment block is set to measure the delay of the dynamic comparator. The voltage of the DELAY_MEAS
signal is monitored using a multimeter. The voltage is converted into a delay using Equation 5.1.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 2

Goal: Measure the width of the reset pulse.

Setup: The CALB signal from the FPGA is continuously pulled towards Vpp. This causes the reset
to be applied every CLK cycle. The delay measurement block is set to measure the width of the
reset pulse. The voltage of the DELAY_MEAS signal is monitored using a multimeter. The voltage is
again converted into a delay using Equation 5.1.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 3

Goal: Measure the input-referred offset of the comparator after calibration, using an external
voltage supply.
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Setup: The setup is similar to the one of TEST 0. The biasing voltage of the detector and dummy
is set to use the external reference (voltage supplies). No trigger signals are applied, but the system
is calibrated. The output of the comparator is monitored on the oscilloscope. When the output
switches from positive to negative, the voltage difference between the two supplies is measured using
a multimeter.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 4/5

Goal: Measure the input-referred offset of the comparator after calibration, using the internal
AV, generator.

Setup: During calibration, the biasing voltages of the detector and dummy are set equal. When
the calibration is over, the biasing voltages are switched to the AV}, generator. The output of the
comparator is monitored on the oscilloscope, meanwhile, the sweep variable is used to adjust the
voltage applied at the input of the comparator. When switching between TEST 4 and 5, the control
signal ref_pol is set to ‘0’ and ‘1’ respectively. When the output of the comparator switches from
positive to negative, the corresponding settings are noted.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 6/7/8
Goal: Measure the performance of the chip for different values of the threshold.

Setup: First, the system is calibrated, afterwards the FPGA generates 4 trigger pulses, each 2.5 ns
long and separated by 10ns. The output of the readout is monitored to see if the input pulses are
detected correctly. When switching between TEST 6, 7 and 8, 1 consecutive, 2 consecutive or 3
consecutive pulses are generated respectively.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 9/10/11

Goal: Measure the performance of the chip for different values of the reset width.

Setup: This test is similar to test 6/7/8, but instead of varying the threshold the reset width is
varied and the response of the readout is monitored. Similarly, when switching between TEST 9,
10 and 11, 1 consecutive, 2 consecutive or 3 consecutive pulses are generated respectively.
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Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 12/13/14

Goal: Measure the performance of the chip for different values of the detector capacitance.

Setup: This test is similar to test 6/7/8, but instead of varying the threshold both the detector
and dummy capacitors are varied and the response of the readout is monitored. Similarly, when
switching between TEST 12, 13 and 14, 1 consecutive, 2 consecutive or 3 consecutive pulses are
generated respectively.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a

Test 15

Goal: Measure the read-out system’s dark count and the time the calibration voltages remain on
the storage capacitors.

Setup: The system is calibrated and the output of the comparator is monitored on the oscilloscope.
The time it takes for the comparator to give a false positive is measured to obtain an estimate for
how frequently re-calibration is required. The voltages VCJI /Vi are also monitored to see if the
readout is able to calibrate itself within the estimated 100 ns.

Results: Due to delays in the chip delivery, the test could not be performed.

Conclusion: n/a
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7. Conclusions

The primary goal of this project was to design a read-out circuit using voltage mode and evaluate its
potential for increased power efficiency compared to current mode. In this thesis, the architecture
design decisions, as well as the design decisions on the circuit level have been discussed. Based on
the post-layout simulation results, it can be seen that the solution effectively reduces the power
consumption per pixel to an impressive 188 ptW during operation.

The chip has also been designed with verification and quantification tests in mind. Unfortunately,
due to the delays in the shipment and production, the measurements have not been performed.
Nevertheless, based on the post-layout simulation results, the new architecture appears to be a
promising solution.

Summary of the main achievements

e A low noise, low power, fast dynamic comparator has been designed. In the post-layout
simulation it consumed 56.9 pW at an operating frequency of 800 MHz. The input referred
noise was only 140 1V while the input capacitance was kept at 3.29 fF.

e Offset compensation for the dynamic comparator was designed. It is successfully able to reduce
the offset of the comparator from 1o = 5.87mV to 1o = 172pV.

e To ensure the threshold generated is independent from the detector capacitance, a threshold
charge was generated on the detector capacitance. A threshold of 500e™ could be generated
with a standard deviation of just 12e~.

e All additional blocks were designed, and the total read-out system was verified in all process
corners and for different temperatures. The final layout consists of 12 pixels, which can each
be verified independently during measurements.

7.1 Future recommendations

Although the system obtained a higher power efficiency, several opportunities for improvement exist.
A few suggestions for future enhancements are listed below:

Digitized offset compensation. Instead of storing the value of the offset compensation as a
voltage on a capacitor, the value can also be stored as a digital number. The required number of
bits would depend on the calibration range and required accuracy. Overcoming the challenge of
achieving sufficiently small step sizes (around 50 uV) is crucial. Even the addition of a few hundred
aF of additional capacitance at the comparator’s output can shift the offset by more than the
desired step size. Research into the feasibility still needs to be done, possibly drawing inspiration
from approaches like the one presented in [25].

Dynamic logic. In the current system, a substantial amount of power is dissipated due to driving
all the digital logic at 800 MHz. The power dissipation primarily arises from the charging and
discharging of parasitic capacitances each CLK cycle. For the sake of this project, static logic is
implemented for improved system reliability. However, future implementations could explore the
use of dynamic logic to save power. Dynamic logic generally has fewer nodes in a circuit diagram,
leading to reduced parasitic capacitances and lower power consumption.

Non-buffered delay measurement. To enhance the accuracy of the delay measurement, a
possible improvement could be to remove the buffer and instead route the digitized signals to
the pads. It might be needed to use LVDS in case the signals operate at high frequencies. This
adjustment could significantly reduce the error in the delay measurement, as it overcomes the limited
gain from the buffer.
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A. Mathematical derivations

A.1 400 MHz sampling

Equation 3.1 gives the voltage removed in the worst-case scenario. The worst case is when the signal
crosses the threshold exactly when the comparator makes its comparison, leaving the hit undetected.
The hit will be detected in the next CLK cycle, but when resetting the detector voltage part of
the subsequent hit will be deleted. The portion that is deleted is equal to the area of the green
and orange blocks on the right in Figure A.1. As both the CLK frequency and fhits mas iS equal to
400 MHz, the green triangle on the left and right are equal. The voltage removed by the first green
triangle can easily be seen as:

Vremoved,green = ‘/th

To determine how much voltage is removed by the orange block, the time it takes the comparator
to detect a hit and reset the voltage is divided by the total time in which the signal arrives, trqnsit-
This fraction of time is equal to the fraction of the total signal removed. So that the signal removed
is given by:

Trst + Tcomparison
‘/;ig :

V;"emoved,orange =

ttransit
Summing both these parts gives back Equation 3.1:
Trst + 1, ;
Vremoved — V;fh + V:sig . rst comparison (Al)
ttransit
D
& next
,gQ possible hit
& :

CLK

> time

Trst + Tcomparison

Fig. A.1: Worst case scenario of a signal crossing the threshold exactly when the comparison is
made, requiring it to be detected in the next CLK cycle. f.r = 400 MHz
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A.2. ADJUSTED PRE-AMPLIFIER GAIN APPENDIX A. MATHEMATICAL DERIVATIONS

A.2 Adjusted pre-amplifier gain

When the signal just starts to arrive, the voltage difference at the input of the comparator, AV},
does not remain constant. Instead it is given by:

t
ttransit
Entering this equation into Equation 4.1 gives:
V..
AVp(t) = FmL2Tstg 42 (A.3)
CDittransit

Again t is given by Equation 4.2, combining these equations gives:

Im1,2Vsig 2 (Vbp — Vininw)?

AVp; = c2,. A4

b ODittransit b Iczm ( )
AVpi  gmi2 (Voo — Vinino)?

A re—amp — = = - : )

P P ‘/sig Iczm CDittransit ( )

As can be seen from Equation A.5, it is still important to maximize the g,,/Ip of the input pair. It
becomes even more important to minimize the drain current, as it is now squared in the denominator
of the equation. The importance of the threshold of the value of Vi, in, is also increased, as it is
also squared. Lastly, pre-amplifier gain is no longer independent of the parasitics on the D7 nodes,
but instead these should be minimized.
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B. Power distribution

In the figures below the power consumption for a pixel in detection mode vs. a pixel in calibration
mode is given. This is only the consumption when a pixel is selected. When a pixel is not selected the
power consumption is 128 pW. This is primarily caused by the current DAC and the AV}, reference
which do not turn off.

Measurement blocks:
32.9 pW (9.6%)

Signal generation:
122.2 pW (35.6%)

Comparator:
55.1 yW (16.1%)

Output buffer:
5.7 UW (1.7%)

Async reset:

43.8 yW (12.8%) Offset compensation:

0.6 W (0.2%)

Qth generator:
16.6 W (4.8%)

Reset:
66.3 pW (19.3%)

Fig. B.1: Power consumption of a single pixel during operation (1 hit every 5ns), total power
consumption is 343 pW

Measurement blocks:
34.1 pW (9.6%)

Signal generation:

Comparator:
121.8 W (34.4%)

56.4 uW (15.9%)

Output buffer:
7.3 yW (2.1%)

Async reset:

43.9 yW (12.4%) .
Offset compensation:
Qth generator: 22.9 uW (6.5%)

0.9 W (0.3%) Reset:

66.5 pW (18.8%)

Fig. B.2: Power consumption of a single pixel during calibration, total power consumption is 354 pW
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C. FPGA code

LLlSW TS

UIEER VAR U

~SR_PROG.v

EL§ SMH.Z: i o
-~ write_en
TESTR.0)
Pi3.0)

SWEEP_VAR[3.0]

3 l_f_-.u:.u_D SR_DATA_BFIC ﬁPlO{\] H
P VT e T T S E

“SR_ENABLE

CALB_EN.v
TEST[3.0]

cALB_OUT

PLL_400M

refclk joutclk0

- Parameter s
. |CALB_DURATION |40 |Signed Integer

 {refck outclk 0]

+ [caLs_rerresH [4000]signed imteger |

reset)

instt ahera_pll| ©

dataoutio] |-

2 ST S R EHIE

datain[0 [

insts

dataout_b(0] ] -

differential mode

Lk out a LY

EN
TEST[2.0) inst7

7]

Fig. C.1: Overview of the top-level schematic used for programming the FPGA
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APPENDIX C. FPGA CODE

module SR_EN

#(parameter
(
input CL
output r
)3
integer coun
reg BUTTON_P
initial
coun
EN_O
BUTT!
end
always @

N_SR_BITS = 100)

K, BUTTON,
eg EN_OUT

t;
REV;

begin
t = 0;

UT = 1'b0;
ON_PREV = 1;

(negedge CLK) begin

if (BUTTON == 1'bl && BUTTON_PREV == 1'b0) begin

end else if (count > 0) begin

end

BUTT
end

always @
if (
end
end

end
endmodule

count = N_SR_BITS + 1;

count = count - 1;

ON_PREV = BUTTON;

(count) begin
count > 0) begin
EN_OUT = 1'bi;
else begin
EN_OUT = 1'bO0;

Fig. C.2: SR_EN.v
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module SR_CLK_GENERATOR (
input clk_400MHz,
output reg clk_5MHz

);
integer counter;
initial begin
counter = 0;
clk_BMHz = 1'b0;
end
always @(posedge clk_400MHz) begin
if (counter < 40)
counter = counter + 1;
else
counter = 0;
end
always @(counter) begin
if (counter < 80)
clk_BMHz = 1'bl;
else
clk_B5MHz = 1'b0;
end
endmodule

Fig. C.3: SR.CLK_.GENERATOR.v
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// Shift register programming
module SR_PROG

(

);

reg

input clk, write_en,
input [3:0] TEST,
input [3:0] PIX,

input [3:0] SWEEP_VAR,
output reg sr

[99:0] trim_settings;

integer counter, negedge_first;

reg
reg
reg
reg
reg
reg

[3:0] S_Qth, S_dummy, S_det, S_rst, S_ref, S_pix;

ref_pol, int_ref, ext_ref, S_del_meas;
double_en, triple_en;

enable_all, enable_trig;

[2:0] S_pulse;

[4:0] S_double, S_triple;

// Default settings
initial begin
trim_settings

{100{1'b0}};

counter = 99;
negedge_first = 0;

end

always @ (TEST, SWEEP_VAR, PIX) begin
// Default values
S_dummy = 4'b0011;
S_det = 4'b0011;
S_rst = 4'b0011;
S_Qth = 4'b1011;
S_ref = 4'b0000;
ref_pol = 1'b0;
int_ref = 1'b0;
ext_ref = 1'b0;
S_del_meas = 1'b0;
S_pulse = 3'b011;
S_double = 5'b00101;
S_triple = 5'b00101;
double_en = 1'b0;
triple_en = 1'b0;
S_pix = PIX;
enable_all = 1'bl;
enable_trig = 1'bl;

// Based on the selection, change the SR bits

case (TEST)
4'b0000 : begin
ext_ref = 1'bl;
end
4'b0001 : begin
S_del_meas = 1'bl;
end
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4'b0010 : begin
S_del_meas = 1'b0;

end

4'b0011 : begin
ext_ref = 1'bl;

end

4'p0100 : begin
ref_pol = 1'b0;
int_ref = 1'bl;

end

4'b0101 : begin
ref_pol = 1'bl;
int_ref = 1'bl;

end

4'b0110 : begin
S_Qth = SWEEP_VAR;

end

4'b0111 : begin
double_en = 1'bl;
S_Qth = SWEEP_VAR;

end

4'b1000 : begin
double_en = 1'bl;
triple_en = 1'bl;
S_Qth = SWEEP_VAR;

end

4'b1001 : begin
S_rst = SWEEP_VAR;
S_del_meas = 1'DbO;

end

4'p1010 : begin
double_en = 1'bi;
S_rst = SWEEP_VAR;
S_del_meas = 1'DbO;

end

4'b1011 : begin
double_en = 1'bl;
triple_en = 1'bl;
S_rst = SWEEP_VAR;
S_del_meas = 1'DbO;

end

4'b1100 : begin
S_det = SWEEP_VAR;
S_dummy = SWEEP_VAR;

end

4'p1101 : begin
double_en = 1'bl;
S_det = SWEEP_VAR;
S_dummy = SWEEP_VAR;

end

4'b1110 : begin
double_en = 1'bil;
triple_en = 1'bl;
S_det = SWEEP_VAR;
S_dummy = SWEEP_VAR;

end

4'b1111 : begin

end
default : begin

end

endcase
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end

// Write the data to the SR
always @(negedge clk) begin

end

if (write_en == 1) begin
negedge_first =
sr = trim_settings[counter];

end else begin
sr = 1'bl;
negedge_first
end

1;

0;

always @(posedge clk) begin

trim_settings[0]

trim_settings[1]
trim_settings[2]
trim_settings[3]
trim_settings[4]

trim_settings[5]

trim_settings[6]

trim_settings[7]

trim_settings[8]

trim_settings[9]

trim_settings[10]
trim_settings[11]
trim_settings[12]
trim_settings[13]
trim_settings[14]
trim_settings[15]
trim_settings[16]
trim_settings[17]
trim_settings[18]
trim_settings[19]
trim_settings[20]
trim_settings[21]
trim_settings[22]

trim_settings[23]
trim_settings[24]
trim_settings[25]
trim_settings[26]
trim_settings[27]
trim_settings[28]
trim_settings[29]
trim_settings[30]
trim_settings[31]
trim_settings[32]
trim_settings[33]
trim_settings[34]

trim_settings[35]

trim_settings[36]
trim_settings[37]

trim_settings[38]
trim_settings[39]
trim_settings[40]

1'v0; // Q1

1'b0; // G2
1'v0; // @3
1'v0; // Q4
1'b0; // @5

1'b0; // Q6
1'vl; // Q7
1'v0; // @8
1'v0; // @9
1'v0; // Q10
1'v0; // Q11
1'v0; // @12
1'v0; // @13
1'b0; // Q14
1'vl; // Q15
1'vl; // Q16
1'v0; // Q17
1'v0; // Q18
1'v0; // Q19
1'v0; // Q20
1'b0; // @21
1'v0; // @22
1'v0; // @23

1'00; // Q24
1'b0; // G25
1'v0; // G26
1'b0; // Q27
1'v0; // Q28
1'v0; // Q29
1'b0; // §30
1'v0; // Q31
1'b0; // §32
1'b0; // 33
1'00; // Q34
1'v0; // Q35

1'v0; // Q36

1'v0; // Q37
1'v0; // 38

double_en;

// Q39
S_double[0]; // Q40
S_doublel[1]; // Q41

//OVER_EN

//SW_CLPF_1
//SW_CLPF_2
//SW_CLPF_3
//SW_CLPF_/,

//PIX_SEL_1
//PIX_SEL_2
//PIX_SEL_3
//PIX_SEL_/
//PIX_SEL_5
//PIX_SEL_6
//PIX_SEL_7
//PIX_SEL_8
//PIX_SEL_9
//PIX_SEL_10
//PIX_SEL_11
//PIX_SEL_12
//PIX_SEL_13
//PIX_SEL_14
//PIX_SEL_15
//PIX_TEST_16
//PIX_TEST_17

//PIX_TEST_18

//562
//S61
//852
//551
//542
//541
//832
//831
//822
//S21
//512
//S11

//DISC_SEL

//DIGI_SEL_1
//DIGI_SEL_2

63

//DOUBLE_EN
//DOUBLE_DEL_1
//DOUBLE_DEL_2



211

APPENDIX C. FPGA CODE

trim_settings[41]
trim_settings[42]
trim_settings[43]

trim_settings[44]
trim_settings[45]
trim_settings[46]
trim_settings[47]
trim_settings[48]
trim_settings[49]

trim_settings[50]
trim_settings[51]
trim_settings[52]

trim_settings[53]
trim_settings[54]
trim_settings[55]
trim_settings[56]
trim_settings[57]
trim_settings[58]

trim_settings[59]
trim_settings[60]

trim_settings[61]
trim_settings[62]
trim_settings[63]
trim_settings[64]

trim_settings[65]
trim_settings[66]
trim_settings[67]
trim_settings[68]

trim_settings[69]

trim_settings[70]
trim_settings[71]

trim_settings[72]
trim_settings[73]
trim_settings[74]
trim_settings[75]
trim_settings[76]

trim_settings[77]
trim_settings[78]
trim_settings[79]
trim_settings[80]

trim_settings[81]
trim_settings[82]
trim_settings[83]
trim_settings[84]

trim_settings[85]
trim_settings[86]
trim_settings[87]
trim_settings[88]

trim_settings[89]
trim_settings[90]
trim_settings[91]

= S_double[2]; // @42
S_double[3]; // 443
= S_doublel[4]; // Q44

= triple_en; // (45

S_triplel[0]; // Q46
S_triplel1l; // Q47
S_triplel[2]; // Q48
= S_triplel3]; // Q49
= S_triple[4]; // G50

= S_pulse[0]; // @51

S_pulselil; // (52

= S_pulse[2]; // (53

//DOUBLE_DEL_3
//DOUBLE_DEL_}
//DOUBLE_DEL_5

//TRIPLE_EN
//TRIPLRE_DEIL_1
//TRIPLRE_DEL_2
//TRIPLRE_DEL_3
//TRIPLRE_DEL_J
//TRIPLRE_DEL_5

//PULSE_WIDTH_1
//PULSE_WIDTH_2
//PULSE_WIDTH_3

= 1'v0; // Q54 //DUMMY
= 1'b0; // Q55 //DUMMY
= 1'v0; // Q56 //DUMMY
= 1'b0; // @57 //DUMMY
= 1'b0; // Q58 //DUMMY

1'bl; // @59 //DUMMY

= enable_trig; // Q60 //ENABLE_TRIG
= enable_all; // (61

//ENABLE_ALL

= s_pix[31; // @62 //S_PIX_3

S_pix[2]1; // Q63 //S_PIX_2
S_pix[11; // Q64 //S_PIX_1

= S_pix[0]; // Q65 //S_PIX_0O

= s_rst[3]; // Q66 //S_RST. 3
= S_rst[2]; // Q67 //S_RST 2

S_rst[1l; // Q68 //S_RST_1

S_del_meas; // Q70

= S_rst[0]; // Q69 //S_RST_O

//S_DAC_MEAS

= ext_ref; // Q71 //EXT_REF
= int_ref; // (72 //INT_REF

= ref_pol; // Q73 //REF_POL

S_ref[31; // Q74 //S_REF_3
S_ref[2]; // Q75 //S_REF_2

= S_refl1l; // Q76 //S_REF_1
= S_refl[0); // Q77 //S_REF_0

= S_det([3]; // Q78 //S_DEL_3

S_det[21; // Q79 //S_DEL_2
S_det[11; // Q80 //S_DEL_1

= S_dummy[3]; // @82
= S_dummy[2]; // (83

S_dummy [1]; // 084

= S_dummy[0]; // (85

= S_det[0]; // @81 //S_DEL_0O

//S_DUMMY_3
//S_DUMMY_2
//S_DUMMY_1
//S_DUMMY_0

= S_Qth(3]; // Q86 //S_QTH_3
= 8_Qth[21; // Q87 //S_QTH_2

S_Qth[1l; // @88 //S_QTH_1

= 8_Qth[0l; // Q89 //S_QTH_O

= 1'b0; // Q90 //DUMMY

1'b0; // Q91 //DUMMY

= 1'b0; // Q92 //DUMMY
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end

trim_settings[92] = 1'b0; // Q93
trim_settings[93] = 1'b0; // Q94
trim_settings[94] = 1'b0; // Q95
trim_settings[95] = 1'b0; // Q96
trim_settings[96] = 1'b0; // 97
trim_settings[97] = 1'b0; // Q98
trim_settings[98] = 1'b0; // G99
trim_settings[99] = 1'b0; // G100

if (write_en == 1) begin
if (negedge_first == 1) begin
if (counter > 0) begin
counter = counter-1;
end
end
end else begin
counter = 99;
end

endmodule

//DUMMY
//DUMMY
//DUMMY
//DUMMY
//DUMMY
//DUMMY
//DUMMY
//DUMMY

Fig. C.4: SR.PROG.v
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module CALB_EN

#(parameter CALB_DURATION = 40, CALB_REFRESH = 4000)

(
input SR_EN, CLK,
input [3:0] TEST,
output reg CALB_OUT
)5

integer count;

reg calb_on_refresh;
reg calb_started;
reg calb_on_always;

initial begin
count = 0;
CALB_OUT = 1'b0;
calb_on_refresh = 1'b0;
calb_on_always = 1'b0;
calb_started = 1'b0;
end

// Enable the calibration based on the current test

always @ (TEST) begin

case (TEST)
4'b0000 : calb_on_refresh = 1'b0;
4'b0001 : calb_on_refresh = 1'b0;
4'pb0010 : calb_on_refresh = 1'b0;
4'b0011 : calb_on_refresh = 1'bl;
4'b0100 : calb_on_refresh = 1'bl;
4'p0101 : calb_on_refresh = 1'bl;
4'b0110 : calb_on_refresh = 1'bl;
4'p0111 : calb_on_refresh = 1'bl;
4'b1000 : calb_on_refresh = 1'bl;
4'p1001 : calb_on_refresh = 1'bl;
4'p1010 : calb_on_refresh = 1'bl;
4'p1011 : calb_on_refresh = 1'bl;
4'p1100 : calb_on_refresh = 1'bl;
4'p1101 : calb_on_refresh = 1'bl;
4'p1110 : calb_on_refresh = 1'bl;
4'b1111 : calb_on_refresh = 1'b0;

endcase;

case (TEST)
4'b0000 : calb_on_always = 1'b0;
4'b0001 : calb_on_always = 1'bl;
4'b0010 : calb_on_always = 1'bl;
4'b0011 : calb_on_always = 1'b0;
4'b0100 : calb_on_always = 1'b0;
4'b0101 : calb_on_always = 1'b0;
4'b0110 : calb_on_always = 1'b0;
4'b0111 : calb_on_always = 1'b0;
4'p1000 : calb_on_always = 1'b0;
4'b1001 : calb_on_always = 1'b0;
4'b1010 : calb_on_always = 1'b0;
4'b1011 : calb_on_always = 1'b0;
4'b1100 : calb_on_always = 1'b0;
4'b1101 : calb_on_always = 1'b0;
4'b1110 : calb_on_always = 1'b0;
4'p1111 : calb_on_always = 1'b0;

endcase;

end

// Start the calibration when the SR programming is done
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APPENDIX C. FPGA CODE

always @(SR_EN) begin
if (SR_EN == 1)
calb_started
else
calb_started = 1'bl;

1]
e
o
o

end

always @(posedge CLK) begin
// start counting if the calibration is started
if (calb_started == 1 && calb_on_refresh == 1) begin

count = count + 1;

// Set the calbiration signal to high
if (count == 1)
CALB_OUT = 1'bi;

// Set the calibration signal to low again
if (count > CALB_DURATION)
CALB_OUT = 1'b0;

// Return the counter to O to start a new calibration sequence
if (count > CALB_REFRESH) begin
count = 0;

end

end else if (calb_started == 1 && calb_on_always == 1) begin
CALB_OUT = 1'bi;

end else begin
CALB_OUT = 1'bO0;

end

end
endmodule

Fig. C.5: CALB_EN.v
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APPENDIX C. FPGA CODE

1 module TRIG_SIG

2 (

3 input CLK, EN,

4 input [3:0] TEST,

5 output reg OUT

6 );

7

8 integer counter;

9 integer n;

10 reg trig_en;

11 initial begin

12

13 counter = 0;

14 OUT = 1'b0;

15 n = 4;

16 trig_en = 1'b0;

17 end

18

19 always @ (TEST) begin

20 case (TEST)

21 4'b0000 : trig_en = 1'b0O;
22 4'pb0001 : trig_en = 1'bO;
23 4'b0010 : trig_en = 1'Db0O;
24 4'pb0011 : trig_en = 1'bO;
25 4'b0100 : trig_en = 1'DbO;
26 4'b0101 : trig_en = 1'b0O;
27 4'p0110 : trig_en = 1'bl;
28 4'b0111 : trig_en = 1'bil;
29 4'b1000 : trig_en = 1'bl;
30 4'b1001 : trig_en = 1'bil;
31 4'p1010 : trig_en = 1'bl;
32 4'b1011 : trig_en = 1'bil;
33 4'b1100 : trig_en = 1'bil;
34 4'p1101 : trig_en = 1'bl;
35 4'b1110 : trig_en = 1'bil;
36 4'p1111 : trig_en = 1'b0;
37 endcase;

38 end

39

40 always @(posedge CLK) begin

41 counter = counter + 1;

42 if (trig_en && EN) begin

43 if (counter == n + 1 || counter == 2#n + 1|| counter == 3*n + 1 || counter == 4%n + 1)
44 0UT = 1'bl;

45 else

46 OUT = 1'b0;

a7

48 if (counter > 2000)

49 counter = 0;

50 end else begin

51 OUT = 1'b0;

52 end

53 end

54 endmodule

Fig. C.6: TRIG_SIG.v
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31

APPENDIX C. FPGA CODE

module SEG_DRIVER
(
input [3:0] in,

output reg [6:0] out

);
initial begin
out = 7'b0000000;
end
always @ (in) begin
case(in)
4'b0000 : out
4'b0001 : out
4'b0010 : out
4'b0011 : out
4'b0100 : out
4'b0101 : out
4'b0110 : out
4'b0111 : out
4'b1000 : out
4'b1001 : out
4'b1010 : out
4'b1011 : out
4'b1100 : out
4'b1101 : out
4'b1110 : out
4'b1111 : out
default : out
endcase;
end
endmodule

7'0000001;

= 7'b1001111;

7'b0010010;
7'0000110;

= 7'b1001100;

7'0100100;
7'0100000;
7'p0001111;

= 7'b0000000;

7'0000100;
7'0001000;

= 7'b1100000;

7'0110001;
7'1000010;
7'0110000;

= 7'b0111000;

7'0000000;

Fig. C.7: SEG_.DRIVER.v
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APPENDIX C. FPGA CODE

module SET_SWEEP_VAR
(

input UP,

output reg [3:0] SWEEP_VAR
)3

initial begin

SWEEP_VAR = 0;
end

always @ (posedge UP) begin
SWEEP_VAR = SWEEP_VAR + 1;
end
endmodule

Fig. C.8: SET_SWEEP_VAR.v
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