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Introduction
Semiconductor detectors are used in plenty of branches of industry and
science. Many detector architectures were developed to adapt to varying
requirements of specific applications. Strip and pixel detectors have been used for
many years in High Energy Physics experiments, medical X-ray imaging,
crystallography and diffractometry applications. In spite of existing pixel solutions,
strip detectors are still a growing branch in sensor technology. Moreover, modern
designs often require from the detector readout integrated circuits not only hit
counting functionality but also measurement of generated charge and exact
interaction time of particle or X-ray photon. This, connected with a large detector
capacitance (which is a case for long strip sensors), limited power budget and other
constraints is a design challenge.
The aim of this research work was to build a multichannel integrated circuit
for readout of the silicon strip detectors with large capacitance allowing
simultaneous measurement of the hit position, deposited charge and possibly
timestamping. Taking into consideration the literature review, the author has chosen
a Time-over-Threshold (ToT) processing method as the most promising one with
respect to the requirements for the analogue front-end (especially a linear transfer
characteristics).
This text is organized into five chapters and two appendixes.
Chapter 1 shows the application side of this thesis. Namely it highlights the
existing architectures of silicon detectors, mechanism of charge deposition with
respect to X-rays, light particles and heavy ions. STS detector as a part of a CBM
experiment at FAIR, GSI, Germany is presented as a possible application of solutions
worked out in this thesis.
Chapter 2 contains an introduction to the charge amplification and processing
techniques especially issues concerning the Time-over-Threshold processing method.
A review of literature and existing implementations of ToT approach is made.
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Chapter 3 presents design and measurement results of a first prototype
integrated circuit TOT01. In-depth studies of architecture optimization and
explanations of discovered phenomena are included. This chapter concludes with
summary of existing solutions and unresolved issues.
Chapter 4. Based on the lessons learned from the first prototype chip, this
chapter shows design and measurement results of the second, improved prototype
ASIC TOT02.
Chapter 5 - Summary and conclusions chapter sums up the design challenges
and issues with respect to this thesis. It points out achievements and input of this
work to the scientific world of microelectronics.
Appendix A is a study of the influence of the strip detector and the kapton
cable parameters (resistance and capacitance) on the noise performance of the
detector system. Considered cases were prepared according to the STS detector
requirements.
Appendix B presents interesting and innovative details of the printed circuit
boards used for characterization of TOT01 and TOT02 ASICs.
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Chapter 1
Position-sensitive silicon detectors and their application in FAIR
experiment
1.1 Charge deposition mechanism in semiconductor detectors
When a photon hits the detector or the particle crosses its active area, the
energy is being deposited and electron-hole pairs are generated. The electric field
present in the detector volume (due to the biasing voltage applied to the detector
pads) forces the deposited charges to the appropriate detector electrodes (Fig. 1.1).
The flowing charges create a current which falls back to zero after all the charge was
aggregated.
photon

heavy particle

fast electron/positron

p+ strips

E

n
Fig. 1.1 Charge deposition process.

Interaction of semiconductor with both photons and particles will be
presented here. Although in High Energy Physics the detectors are usually operating
with particles, the X-rays are often used in the laboratory for testing and
characterization of these detector systems at the early stages of design and
prototyping.

1.1.1. Interaction of heavy charged particles
The main interaction of this type of particles (e.g. alpha particle) with matter is
through Coulomb forces between their charge and the charge of orbital electrons.
When a particle crosses the matter it interacts simultaneously with many electrons
surrounding its path. Due to the Coulomb force, some energy is being transferred to
the orbital electrons. This energy can be high enough to raise it to a higher energy
level (excitation) or even to remove it from the atom (ionization). As a result, the
particle loses its energy (and thus a velocity) gradually as it passes through the
7

matter. The path of these particles tends to be straight (except the very end, when the
particles’ velocity gets significantly lower).
The charged particles can be characterized by a definite range in a given
material. The Bethe formula describes the energy loss of a particle per path unit
[1.1]:
−  =











(1.1)

Where:
 ≡  







−  1 −   −  




(1.2)

It is clear that the energy loss is proportional to the atomic number Z and number
density N of the absorber atoms (NZ factor is a density of electrons in the matter).
The influence of the interacting particle is recognized by the presence of v and ze
parameters (respectively: velocity and charge of the particle expressed in a factor z of
elementary charge e). Constants m0 and e are rest mass and charge of the electron
while c is the speed of light.
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Fig. 1.2 Variation of the specific energy loss in air vs. energy of the charge particles [1.1].
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Fig. 1.2 Presents how the energy loss varies with the particle energy for
various particle kinds. It is noteworthy that for higher energies, when the particles
reach the speed of light, almost all of the curves reach certain, nearly constant level.
Relativistic particles are sometimes referred to as “Minimum Ionizing Particles”
(MIP).
During interactions, many electrons of the absorber are given a sufficient
energy to escape the atom. They can ionize another atom or escape completely from
the absorber (if they are close to the surface). These low-energy electrons are called
the “secondary electrons”.

1.1.2 Interaction of fast electrons or positron with matter
Beta particles as charged particles with low mass like electron or positron,
opposite to the X-rays, gamma radiation (point deposition) or heavy charged
particles (straight path) follow the scattered and complicated paths (Fig. 1.1) This is
due to the fact that their mass is equal to the orbital electrons they interact with so
more energy can be lost in a single interaction. Moreover electron-nucleus interaction
can occur which can significantly alter the direction. Two main processes occur
in this case:
-

Atom ionization or excitation. Beta particles can lose energy by interaction with
orbital electrons in the matter. This process is dominant for energies lower than
MeV [1.2]. They can either excite the atom by moving the orbital electron to
a higher energy level or ionize it by overcoming the binding energy and release
the electron. The energy loss is expressed by the formula similar to the one for
the heavy charged particles (1.1) [1.1]

-

Bremsstrahlung. A charged particle while changing its momentum emits an
electromagnetic radiation called Bremsstrahlung. This process is dominant for
energies E higher than tens of MeV [1.2]. It has a continuous energy distribution
due to the fact that it depends on the deflection angle as the beta particle passes
the nucleus. The linear specific energy loss through this radiative process is given
by [1.1]:
−( ) =


!(!"#)
#$%



(4 





− $)


(1.3)
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1.1.3 Interaction of X- rays and gamma rays with matter
Photons, as electromagnetic radiation without mass and charge which velocity
is equal to the speed of light can interact with matter. There are several mechanisms
of the photon energy loss which play a key role. An important difference between
interaction of photons and particles is that photons lose the energy abruptly and the
charge is created in a spot. If this sudden interaction does not occur in the detector,

photon
hυ > 1.22 MeV
e-

e-

e+

e-

hυ’
deflected photon

a)

b)

hυ > 5.11 MeV

incident photon
hυ

photon
hυ

hυ > 5.11 MeV

the photon will cross it without any sign of its presence.

c)

Fig. 1.3 Interaction of X-rays and gamma rays with matter: a) photoelectric absorption, b) Compton
scattering, c) electron – hole pair creation.

-

Photoelectric absorption, where the photon of a wavelength ( is completely

absorbed and its energy ℎ* = ℎ ∙ ( ∙ , -# is completely transferred to the
photoelectron ejected from one of the bound shells of the atom (Fig. 1.3a). The
absorption can take place only when photon energy is higher than the bound

energy ./ of the electron. Occurrence of the photoelectric absorption is more
likely for photons which energy is slightly higher than the binding energy and
thus this is the dominant phenomenon for lower photon energies (up to few tens
of keV) [1.3]. The energy of an electron .- can be expressed as:
-

.- = ℎ* − ./

(1.4)

Compton scattering. The incident photon can interact with an electron but
opposite to the photoelectric absorption transfers only a part of its energy
(Fig. 1.3b). The result of this process is deflected (scattered) photon and so called
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recoil electron (Compton electron). The energy transferred to the electron varies

according to the incident angle Θ. The photon energy ℎ*′ and the electron energy
.- after interaction can be expressed as [1.4]:

ℎ* 1 =

#"

45
6 ∙7

.- = ℎ*

#"

23

(#-89:)

(1.5)

∙ (#-89:)

∙ (#-89:)

(1.6)

Where ;< – electron rest mass, c - speed of light, h – Planck constant, υ – photon’s

frequency. For silicon, the Compton scattering process is more dominant for
higher photon energies (more than few tens of keV).
-

Pair production is a process which can occur when photon has energy higher
than 1.022 MeV. The photon as it passes near the nucleus it experiences its strong
field. In these conditions a pair of electron and positron can be created from the

photon energy ℎ* (Fig. 1.3c). The energies of electron .- and positron ." will be
similar and can be expressed as:
.- ≅ ." =

23-#.< ?@


(1.7)

This process becomes more likely for higher photon energies and higher atomic
number of the material. Since the positron is created an annihilation process
resulting in production of two photons is inevitable.
Which process dominates depends on the photon energy and atomic number of the

Atomic number Z

material (Fig. 1.4).

60
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40
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0.01
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0.1

1.0
10
Photon Energy (MeV)

100

Fig. 1.4 Dominant processes for various materials and photon energies [1.1].
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Only part of the photon energy is converted to electron-hole pairs. More than
70% of it lost for the crystal lattice vibration. This is why the minimum photon
energy required for the e-h creation .A can be expressed by [1.5]:
.A ≈ 2.8 ∙ .E + 0.6IJ

(1.8)

Where: .E - band gap of the detector material expressed in eV.

This means that for Si detectors with Eg=1.12 eV the minimum photon energy

required for e-h creation is equal to Ei=3.6 eV.

The average number  of generated e-h pairs for the X-ray beam with certain

energy E0 and its standard deviation K can be expressed as [1.6]:
=



L

(1.9)

K = √ ∙ N

(1.10)

Where: F – Fano coefficient (Si F≈0.1 [1.5], GaAs: F=0.18 [1.8], CdTe: F=0.15 [1.7]).
The current spike in the detector can be expressed by the equation based on the
Ramo-Shockley theorem [1.9] [1.10]:
TTTTTTTTU
TTTTTU
O (P) = ±R ∙ .
S ∙ V(P)

(1.11)

Where: R - charge created after ionization, .S – weighting field [1.11], v(t) – charge
velocity.

d

-

+

Ew
x

Fig. 1.5 Flat ionization chamber.
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Vbias

Assuming a flat ionization chamber (Fig. 1.5) and that the biasing voltage WXYZ is
much higher than the depletion voltage the charge acquisition time for electrons [Y

and holes [\ can be expressed as:

[Y =

[\ =

]

^Y

=]∙

X-]
^\

X

_Y ∙WXYZ

(1.12)

= (X − ]) ∙ _

X

\ ∙WXYZ

(1.13)

Where: _\ , _Y - mobility, d – detector thickness, x – distance of the deposition point to
the positively biased detector pad.

In semiconductors the mobility of holes is lower than electrons and thus the
acquisition time of holes is a few times longer than the acquisition time of electrons.
The charge acquisition time is an important design parameter for analog front-end
design. Too short peaking time can result in charge loss (ballistic effect). Assuming a
bias voltage of 120 V, deposition point equal to the center of detector, the acquisition
times can be calculated [1.5] [1.8].

detector thickness

_Y  W∙d 

_\  W∙d 

[Y [ns]

[\ [ns]

Si, d=300 µm

1500

600

6.9

1.7

Si, d=500 µm

1500

600

2.5

6.25

abc

Material and

abc

Tab. 1.1 Comparison of mobility and acquisition times for various detector thickness.

The energy resolution of the detector can be calculated:
∆.fgh? = 2.35 ∙ .A ∙ √N ∙  = 2.35 ∙ .A ∙ kN ∙ .< /.A

(1.14)

The silicon detectors can offer a very good resolution, but due to the absorption
length it is not applicable for X-ray imaging with energies higher than 30 keV.

1.2 Position sensitive silicon detectors
Thee

digital

imaging

applications

pose

many

application-specific

requirements for the detectors (e.g. spatial and energy resolution). Among many
possible solutions for detection some major types can be distinguished:
-

strip detectors (single-sided, double-sided),
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-

pixel detectors (hybrid pixel detectors, monolithic active (MAPS), charge
coupled devices CCD),

-

drift detectors.

Readout
ASIC

Readout
ASIC

Metal strip
p+ bulk
n bulk
isolator

Metal strip
n+ strip
p+ bulk
n bulk
isolator

Readout
ASIC
a)

b)

Readout ASIC

Monolithic active pixel sensor (MAPS)
An example using SOI technology
Readout electronics
Insulator
Detector area

Metal balls
Metal strip
p+ bulk
n bulk
isolator

c)

d)

V1 (1)
V2 (0)
V3 (1)
Readout
ASIC

e)

Readout
ASIC

p+
n bulk
metal

f)

pp+
n
Metal

Fig. 1.6 Summary of position sensitive detectors. a) single-sided strip detector, b) double-sided strip
detector, c) passive pixel detector, d) monolithic active pixel sensor (MAPS) example using SOI
technology, e) drift detector, f) integrating CCD detector.

Single-sided microstrip detectors
The strip detector allows a position sensitive detection in a single dimension.
It is constructed of a series of doped strip-shaped electrodes on a common bulk (Fig.

14

1.6a). Depending on the type of bulk (n or p) the strips are respectively p+ or n+ and
thus creating the diodes.
The spatial resolution of the detector is related to the strip pitch (typically
from 25 µm up to 100 µm [1.5]). Sometimes however it can be increased using
interpolation techniques [1.1]. For multichannel systems the detector strip pitch
determines often in a great extent also the pitch of the readout electronic channel in
the integrated circuit. In systems, where there is high density of channels and where
the readout electronics has to be close to the detector the channel pitch of the readout
electronics should be in the order of the strips pitch in the detector. In some
applications however it is possible to use the pitch adapters and therefore to relax the
readout channel density requirements such that even not integrated readout circuits
using lumped elements can be used. It is also possible to connect only every second
channel to the readout electronics. The detector lengths strongly depend on the
application and can have up to tens of centimeters resulting in a large detector
capacitance.
Due to the fact, that the integrated circuits presented in this work are designed
for strip detectors, the detailed presentation and analysis of silicon strip detectors can
be found in appendix A.
Double-sided microstrip detectors
The improvement introduced by the double-sided strip detectors is the ability
to detect the events in two dimensions. In this case, for an exemplary n-type bulk the
strips are p+ on one side and n+ on the other (Fig. 1.6b). Each interaction generates
the electron-hole pairs which are aggregated by the electrodes on both sides of the
detector volume. Due to the fact that the strip orientation is orthogonal the hit
position can be extracted.
The main drawbacks of the double-sided detectors are much higher cost of
manufacturing process and the “ghost” appearance problem. When two interactions
occur simultaneously it is not possible to determine the exact positions of events
(there are 4 possibilities) unless a fast coincidence detection scheme is implemented
in the readout electronics. It can determine the real hit position from time difference
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between output current pulses. These circuits however increase the cost and
complexity of the system.

photon
ghost

photon
ghost

Fig. 1.7 Problem with determination of real event location in case of two parallel events in doublesided detectors.

Hybrid pixel detectors
The pixel detectors allow for a mutual 2 dimensional position sensitive
detection. The diodes are created for example by an array of p+ doped areas equally
distributed on the n-type detector bulk (Fig. 1.6c). The pixels are characterized by the
distance between the pixels centers (pixel pitch) which also describes the resolution
of position detection. The resolution can be increased using interpolation techniques.
The pixel sizes are typically in the range of 50 µm - 200 µm.
Opposite to the strips, the pixels have very low capacitance. The noise
performance however is limited mainly by the power – area – speed tradeoff of the
readout electronics which area should be in the order of the pixel size.
The readout electronics is located in a separate chip which is attached to the
detector. This means that complete readout electronics should fit into area equal to
the pixel size.
Monolithic active pixel detectors
Part of the readout electronics can be integrated with the detector itself (MAPS
– monolithic active pixel sensors) (Fig. 1.6d) [1.12]. These sensors were proposed in
the early 90’s and include integration of the photosite (photodiode or photogate) and
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usually a 3-transistor circuit (reset switch, input of a source follower and a selection
switch for readout). The most important advantage of this approach is that the
detectors can be created using a standard VLSI technology which results in low cost.
Such architecture allows obtaining noise below 10 e- rms (without cooling of the
detector). In most cases these detectors operate in the integrating mode.
Charge coupled devices
The charge coupled devices (CCD) integrate the charge for some time due to
the fact that the deposited charge is trapped in the potential wells created below the
electrodes. The readout is performed sequentially by switching the voltages on the
consecutive electrodes in each row and thus shifting the aggregated charge to the
readout electrodes (Fig. 1.6f).
The CCD – based sensor arrays can have very high density of pixels. The
typical pixel sizes achieved are in the order of 20 µm x 20 µm [1.5] while the
minimum pixel size which has been published is 9 µm [1.13]. The drawbacks are the
limited readout speed and higher noise due to the sequential readout, limited
dynamic range and special requirements on the fabrication process.
Silicon drift chambers
In the drift detectors the deposited charge is carried by the electric field across the
detector volume to the readout electrode (Fig. 1.6e) [1.21]. The position of interaction
is determined on the basis of arrival time at the readout electrode. However it is only
possible when the exact interaction time is known (e.g. in the High Energy Physics
applications, where the trigger signal is available).To summarize the overview of the
detectors’ architectures: parameters of the silicon detectors relevant to the design of
readout electronics are:
-

Leakage current and presence of the AC coupling. When readout circuit is
DC-coupled to the detector, the constant leakage current inevitably present in
the semiconductor detectors will flow into the amplifier’s input. It has to be
sunk by a special circuit to prevent from saturation of the amplifier. In AC-
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coupled devices leakage current does not flow into the CSA. The leakage
current is also a source of noise.
-

Strip pitch / pixel area. This mainly affects the area constraints and power
budget of the readout circuitry.

-

Capacitance of the detector. In spite of the fact, that the capacitance is not a
noise source itself, it significantly affects the noise performance of the detector
system and shall be considered during design of the readout electronics [1.5].

1.3 CBM experiment at FAIR
A new accelerator complex Facility for Antiproton and Ion Research (FAIR)
will be built in the forthcoming years in the GSI Helmholtzzentrum für
Schwerionenforschung, Darmstadt, Germany (Fig. 1.9). One of the tasks conducted
by the CBM experiment (Compressed Baryonic Matter) is to enable study on the
properties of the highly compressed baryonic matter. The objective is to explore the
phase diagram of matter governed by the laws of Quantum-Chromo-Dynamics
(QCD) in the region of highest baryon densities and moderate temperatures [1.14]
[1.15]. Existing accelerators like RHIC (Relativistic Heavy-Ion Collider) in
Brookheaven, USA and the LHC (Large Hadron Collider) at CERN explore the
extremely high temperature regions similar to the early universe. FAIR however is
about to obtain a matter that is compressed to a very high net-baryon densities in
lower temperatures (Fig. 1.8). It is supposed that the matter in this form exists in
neutron stars and centers of supernova explosions. It will be possible to create such
conditions using nucleus-nucleus collisions of relativistic heavy ions with energies
between 10 GeV and 45 GeV.
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Fig. 1.8. QCD Phase diagram with research target of FAIR [1.15].

Fig. 1.9 New accelerator facility at the GSI [1.14].

The collisions rate will be up to 10 MHz. Such experiment conditions require very
fast and radiation-proof detectors and self-triggered readout electronics. The amount
of data produced in these detectors will also pose a challenge for the data acquisition
system and on-line event selection based on full track reconstruction [1.15].
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CBM experiment detector system will be constructed from the following
components [1.15] (Fig. 1.10):
•

Micro-Vertex Detector (MVD). Two ultra-thin and high density silicon pixel
detector arrays located very close to the target will allow determination of the
secondary vertices with high precision.

•

Silicon Tracking System (STS). Eight layers of silicon strip detector stations
operating in magnetic field of a large acceptance dipole magnet. It enables
track reconstruction and momentum measurement.

•

Ring Imaging Cherenkov Detector (RICH). Provides the means for
identification of electrons with momenta below 8 GeV/c.

•

Transition Radiation Detectors (TRD). Twelve detector layers for identification
of electrons with momenta above 1.5 GeV/c.

•

Muon Chamber/absorber system (MUCH). Combines fifteen detector stations
and five ion absorbers for hadron suppression. It identifies muons with
momenta above 1.5 GeV/c.

•

Resistive Plate Chambers (RPC) provide the time-of-flight measurement
required by hadron identification.

•

Electromagnetic Calorimeter (ECAL) constructed of 380 layers of lead and
plastic scintillators placed alternately for measurement of photons and neutral
particles.

•

Projectile Spectator Detector (PSD). This lead-scintillator calorimeter is for
collision centrality determination and orientation of the reaction plane.
Two configurations of the detector for the CBM experiments are being

considered: an electron-hadron and the muon-hadron. The main difference is the
interchangeable use of RICH and MUCH detectors.
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Fig. 1.10 Overview of the CBM experiment detector setup [1.25].
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1.3.1 Details of the Silicon Tracking System
The task of the Silicon Tracking System at the CBM experiment is to
reconstruct the tracks for all charged particles above 0.1 GeV/c with a resolution of
1% at 1 GeV/c [1.16]. It is expected to obtain around 600 charged particles in the
detector’s acceptance in each event [1.14].
readout system

TOF

ECAL
kapton cable

TRD
MUCH
MVD/STS

magnet
8 STS detector stations
MVD detector stations
target

strip detectors

a)

b)

Fig. 1.11 Details of the CBM detector [1.16] a) overview of the detector components, b) example of a
single station of the STS detector.

The Silicon Tracking System is still a subject of the design process, however
some of the preliminary design constraints could have already been stated. The
detector will be constructed of eight equally spaced (10 cm) detector stations (Fig.
1.11a) [1.17]. Each station comprises of many detector dies (each of them will have
1024 strips) attached to the carbon-fiber ladder. The detector groups are
interconnected with the readout electronics using kapton cables (Fig. 1.12, Fig. 1.11b).
The readout electronics will be located on the perimeter of each station. Special study
of kapton cable – detector assembly with respect to STS detector is presented in
Appendix A.
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detector

detector

detector

kapton cable

Fig. 1.12 Prototype detector assembly [1.18].

The STS is expected to have approximately 2.1 million channels. This will
require approx. 16640 readout ASICs assuming that each of them will have 128
channels. The detector dies will most probably have width of 6.2 cm (1024 channels *
60 µm strip pitch [1.18]), 300 µm thickness and lengths will be between 2.2 and 6.2 cm
[1.18].

1.3.2 Data acquisition and processing in the CBM experiment
In the CBM experiment only a few of many interactions performed at high rate
will be of the physicists’ interest (due to the rareness of those processes). This means
that it is crucial for the detector system to identify the candidate events for further
studies and send them to the archival storage [1.19] [1.20].
The conventional systems are using the triggered front-end electronics. This
allows storage of the event information for a very limited time (few µs). In the mean
time, a fast first level decision is made on the basis of a limited subset of data. If the
decision is positive the DAQ system transports the event data to the higher level
trigger processing or directly to the archival storage. Such a triggering and event
selection scheme is not always suitable, especially in case of heavy ion collisions
where the decision requires a significant numerical effort which varies from event to
event.
The CBM experiment will be using self-triggered front-end electronics. This
means that the integrated circuits (IC) for detector readout might autonomously
detect the hits, measure their parameters (i.e. timestamp and amplitude) and store
only this essential information in the buffers. The role of the data acquisition system
is to transport the data from the front-end electronics to the processing units and
finally to the archival storage. The event selection has several layers.
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The drawback of self-triggered architecture is a high data flow (for CBM it is
expected to be about 1 TByte/s). This is however not an issue because according to
Gilder’s law [1.22] and Moore’s law [1.23] the communication cost is improving
faster than processing cost (“bandwidth grows at least three times faster than
computer power”).
Figure 1.13 presents a logical data flow diagram of the CBM experiment. It has
been designed by following a principle that the processing is performed by
a structured processor farm and after an event building.

Fig. 1.13 Acquisition and data processing scheme in the CBM experiment [1.19, 1.20].

The main components of the CBM data acquisition system are:
FEE (Front-End Electronics). Front end electronics dedicated to each detector detects
and measures the hits. It transfers the registered values (i.e. event timestamp,
deposited charge) through CNet links for further processing. Assuming a 10 MHz
interaction rate, 10% occupancy for central collisions, a ratio of ¼ minimum bias to
central multiplicity, a typical cluster size of 3 fired channels per particle hit and 8byte data packet per hit the expected data flow can be around 6 MB/s for channel.
This means for example that 16 channel ASIC (Application Specific Integrated
Circuit) may produce 100 MB/s.
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Clock and time distribution (TNet). The dedicated broadcast network which task is
to provide the timing common to the whole experiment according to the
requirements of the individual FEE modules.
Concentrator Network (CNet). Its task is to collect the data from all of the front-end
ASICs and transfer it through a set of high-speed data links (e.g. serial 1 Gigabit
links) to the data buffers and data processing equipment.
Active Buffers. The buffers aggregate the incoming data and if necessary reformat
and reorganize it. They also serve as a gateway between the CNet and BNet allowing
for different network standards.
Build Network (BNet). Its task (together with the active buffers which might be
physically included into BNet) is to assemble the data incoming through the CNet
links and transmit it to the PNet for further processing (e.g. first level event
selection). Since the data flow is event-driven it is necessary to perform the eventtagging so that the groups of data corresponding to the specific event are created. It
is planned that the BNet infrastructure will be based on a commercial off-the-shelf
products (COTS) e.g. Ethernet, Infiniband or Advanced Switching Interconnect (ASI).
Processing Resources. The first-level event selection (FLES) will have to handle full
event rate (10MHz) and significant part of the data (depending on which information
is going to be taken into account while evaluating the decision). The data flow of the
order of TB/s will result in the processing power requirements within the range of
1015 operations/s. The most promising approach to address this issue is to use a farm
of scalable

hybrid

computing systems

comprising of both

FPGA (Field

Programmable Gate Arrays) and regular CPUs. The aim is to make advantage of the
parallel operation of FPGA which offers the best price/performance ratio.
Processing Network (PNet). Its task is to provide the interconnection between the
farm nodes assigned to the certain tasks of event selection.
High-level Network (HNet). HNet provides the connection to the high-level
computing resources which will perform further reduction of data volume (event
selection) to the level suitable for archival storage.
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1.3.3 Requirements on the Front-End Chip for the STS detector
The CBM experiment is still a subject of design however some of the requirements
for the Front-End Electronics (FEE) can be approximately stated. The following list is
based on several documents evaluated within several years [1.18] [1.24] [1.26]:
-

Multichannel integrated readout system (128 channels per chip with 50 µm
channel pitch [1.18]),

-

Measurement of the deposited charge and timestamping,

-

Self-triggered architecture,

-

Low power consumption (<5 mW/channel),

-

Input charge range between 0.5 fC – 8 fC (a few MIPS, when 21000 e- per MIP
for 300 µm sensor),

-

Detector capacitance in the order of 30 pF, possibly AC-coupled, strip pitch
possibly 50 µm, double-sided,

-

Low noise (ENC < 1000 e- for 30 pF detector capacitance),

-

Ability to operate with double-sided strip detectors. The input charge polarity
can be either positive (holes) or negative (electrons),

-

Adjustable processing speed (tradeoff between noise and short dead time),

-

Short dead time range (between 100-300 ns/fC) for average input charges of
2 fC,

-

Good parameter uniformity between channels,

-

Fast serial digital interface,

-

Radiation-hardness.

Due to the large density of detector strips in the STS detector which results also in
a high density of the readout electronics it is required that the integrated circuits will
be multichannel (128 channels/chip which results in 8 ASICs per detector die) and
the channel pitch will be the same as detector pitch (e.g. 50 µm). The high
concentration of the readout electronics results in power consumption limit
(<5 mW/channel which gives 0.64 W per chip) to prevent from using sophisticated
cooling systems in the experiment.
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The integrated circuit should be able to measure deposited charge and timestamp
each of the registered events. The input charges in the STS experiment typically will
be below 4 fC however the circuit should be able to measure charges up to 8 fC. The
detectors in the CBM experiment most probably will be double-sided. This means
that the readout electronics should be able to work both with holes and electrons as
the input charges. The noise limit results from a low required threshold setting
(around 1 fC). For that threshold there should be no noise hits recorded.
The event rate at the CBM experiment will be equal to 100 ns. The average
channel occupancy is going to be in the order of 5-10%. This means that the channel
dead time after the hit should be short [1.18].
The acquisition and data processing scheme presented in previous sub-chapter
requires that the data registered by this self-triggered ASIC should be transferred to
the CNet data concentrators through the fast serial links. The specification of those
links is not yet ready but several solutions of multi Gbit links are considered.

1.3.4 Aim of the research work
The aim of this thesis is to propose, implement in a prototype ASIC and test
a new architecture for readout of high-density silicon strip detectors allowing
a simultaneous measurement of hit position, generated charge and possibly
timestamping of the events. One of the feasible applications of such a solution
could be a readout system of the STS detector at CBM experiment at FAIR where
the detector strips are long and detector capacitance is large. Therefore during
development process the most important of the requirements towards STS readout
ASIC will be considered.
Taking into account the requirements for the multichannel integrated circuit
and its possible application in CBM experiment the most promising architecture of
the analogue front-end (AFE) electronics is the Time-over-Threshold processing.
Chapter 2 is dedicated for introduction of this approach and presentation of existing
solutions in this area.
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Chapter 2
Overview of existing Time-over-Threshold solutions for a solid state
detectors readout

2.1 Introduction
Multichannel integrated circuits for the charge measurement in various
applications (e.g. X-ray or High-Energy Physics) contain the analog front-end (AFE)
which can be generalized. The overview of such generalized AFE is presented on
Fig. 2.1.
BINARY READOUT
discharge
circuit

1-bit

MEASUREMENT USING ADC

S&H

-Kv

ADC

n-bit

MEASUREMENT USING ToT

CSA

SHAPER
(optional)

COUNTER

n-bit

Fig. 2.1 Generalized schematic of the Analog Front-End for charge processing.

Charge measurement
The common task of the first stage is to convert the charge (current) flowing
into the amplifier to the voltage. This is done in a charge sensitive amplifier (CSA).
Directly after CSA the signal can be processed in a block or cascaded blocks of filters
called shapers. The shaping can include both filtration increasing the signal-to-noise
ratio (SNR) and adaptation of the pulse accordingly to the timing requirements.
There are also solutions which do not use any shaping. Further processing is
application-dependent but can be categorized into three groups [2.1]:
-

Binary processing,

-

Measurement using ADC,

-

Time-over-Threshold processing.
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The current spike flows into the charge amplifier where it is integrated. As a
result, the voltage step occurs at the output of the amplifier whose amplitude is
proportional to the input charge.
To prevent saturation of the amplifier the feedback capacitor has to be
discharged. Depending on the application, one of the several approaches can be used
(Fig. 2.2). The most common solution for the shaper-based systems is the continuous
resistor-type discharge or instant discharge (switch discharge) synchronized to some
external event. Other capacitor discharge types are used for some Time-overThreshold solutions (for example constant-current discharge [1.5] or Krummenachertype discharge [2.10][2.11]).
discharge using
a resistor

detector

detector
Vstep=f(Qin)
Vpulse=f(Qin)
a)

b)

sync

sync

sync

detector

detector
Vstep=f(Qin)

Tpulse=f(Qin)
c)

d)

Fig. 2.2 Discharge circuits of the CSA: a) no discharge circuit, b) discharge using a resistor, c) constantcurrent discharge, d) switched discharge.

Shapers can be used to achieve one or several goals: increasing the SNR
through filtration, increasing the overall channel gain, shortening the duration of the
pulse (and reducing the possibility of pile-up pulses). Selection of the shaper
architecture and type is an issue strongly depending on the final application. The
designers have to consider the power-area-performance trade-off and also
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characteristic features of the target application. Some solutions however do not use
shapers.
The voltage pulse at the shaper / CSA output is to be measured. Depending
on the final application the pulse can be processed and digitized in one of several
ways:
-

Binary Processing where the voltage pulse from the CSA / shaper is compared in
a discriminator with a certain threshold (Fig. 2.3). When the pulse height exceeds
this threshold a high state is generated at the output. This approach allows only
detection of pulses which are larger than certain level but does not give a direct
answer about the amplitude of each pulse. Low power, complexity and area
required are among advantages of this approach.
BINARY READOUT

CSA 0

+
CK
EN

_
...
CSA n

1

COUNTER

OUT0
...

+
CK
EN

_

C/A

1

COUNTER

OUTn

CONTROL
LOGIC

Fig. 2.3 Example of the binary readout.

-

Charge measurement using the ADC. In order to measure the pulse amplitude
(and thus the input charge) the sample and hold circuit together with ADC can
be used. Unfortunately for multichannel IC architectures the limitations of
power-area-performance-speed often prevent from using this approach. It is
difficult to integrate an ADC (SAR, flash etc.) in each of the narrow channels
while keeping the tight energy budget and providing required speed
performance. This often implies using one ADC for several channels together
with analog multiplexer while keeping the sample and hold circuit in each of the
channels (Fig. 2.4). Unfortunately this limits the throughput of the ASIC and thus
may not be used for high-intensity X-rays measurements.
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ADC-BASED READOUT
CSA 0

+
_

S&H

SHAPER
A_OUT0

CSA n

ANALOG
MUX

...
+
_

OUT

ADC

35

S&H

SHAPER

A_OUTn

C/A

CONTROL

Fig. 2.4 Readout example using ADC.

-

Charge measurement using Time-over-Threshold. This method uses the idea of
integrating-type analog-to-digital converter (Wilkinson type ADC). The name
ToT is often used while speaking about applications in radiation / particle
detectors readout. It allows measurement of the input charge by a simple
discriminator – counter circuit (Fig. 2.5). This is under assumption that the CSA
voltage

pulse

width

can

(mO = n(opqI IrPℎ) ).

carry

information

about

the

charge

TIME-OVER-THRESHOLD

CSA 0

+
CLK COUNTER

_

OUT0

...
CSA n

35

...

+
CLK COUNTER

_

17
OUTn

C/A

PLL

Fig. 2.5 Time-over-Threshold readout example.

Depending on the type of pulse processing before the discriminator the pulse
width vs. input charge can be more or less nonlinear. The use of CR-RC or semi31

Gaussian shapers helps to shorten the dead time and increase the SNR and is very
commonly used in binary and ADC based readouts where the pulse amplitude
should be a linear function of the input charge. The ToT response is however

voltage

pulse width

strongly nonlinear and is often called a “logarithmic compression” (Fig. 2.6).

threshold
time

input charge

a)
b)
Fig. 2.6 Example of a ToT characteristics for semi-Gaussian shaped pulses. a) CSA output pulses for
various input charges with threshold voltage applied, b) discriminator pulse width versus input
charge characteristic.

There is a family of constant-current discharge solutions allowing a more
linear ToT characteristic. The most generic idea is presented below.

The charge integrated in the feedback capacitor stu is proportional to the

charge deposited in the detector sv . To gather nearly all of the deposited charge sv

the effective input capacitance should be much larger than the detector capacitance
including parasitic capacitances to the neighboring strips. When this condition is
met, it can be stated that:
stu = sv

(2.1)

Then, the voltage step at the CSA output (when no discharge circuit is present

yet and the amplifier is not saturated) is proportional to the deposited charge mA and

inversely proportional to the feedback capacitor wtu .
WdZYx =

-sv
wtu

(2.2)

The current pulse is usually very short (several ns up to few tens of ns) so the
feedback capacitor is charged quickly. The feedback capacitor can be then discharged

by a constant current Idisch. The discharge time [Xvda\yz{Y is directly proportional to
the deposited charge and inversely proportional to the discharge current |Xvda\ .
[Xvda\yz{Y =

stu

|Xvda\

(2.3)
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As a result, an output voltage pulse has a triangular shape. This feature
provides a linear pulse width vs. input charge characteristic of the processing chain
(Fig. 2.7). The ToT processing provides a low-power and area-effective solution for
the amplitude spectrometry. The drawback may be a dead time which is often
proportional to the measured charge and sometimes not as good SNR than in the

voltage

pulse width

case of using shapers.

threshold
time

input charge

a)
b)
Fig. 2.7 Example of a ToT characteristic for constant current discharged pulses. a) CSA output pulses
for various input charges with threshold voltage applied, b) discriminator pulse width versus input
charge characteristic.

Timestamping
Contrary to the charge measurement, the accurate time of occurrence
measurements require achieving a high slope-to-noise ratio. This is due to the fact
that the voltage noise at the CSA output projects to the time domain inversely
proportionally to the slope [1.5].
K} =  
~


 

(2.4)

Therefore the steeper the leading edge is the less the discriminator’s output pulse
edge is jittering due to the noise and therefore the more accurate the time
measurement is.
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Amplitude (V)

dV
dt
VT

2σ v

0

2σ t

Time

Fig. 2.8 Projection of the voltage fluctuations (noise) to the timing variance (jitter).

This is why the leading edge of a pulse at the CSA output (or at the shaper
output) is very important parameter when it comes to the timestamping. The use of
shapers (e.g. CR-(RC)n or semi-Gaussian), though favorable from the noise point of
view, often does not offer a satisfactory conditions for timestamping. This is due to
the fact that the slope of the leading edge is not steep enough (Fig. 2.9). The constantcurrent Time-over-Threshold processing method offers however a steep leadingedge (depending on the bandwidth of the CSA) and long (adjustable) trailing edge
which makes it a good candidate both for timestamping and charge-measurement
applications.
Shaper / CSA output

constant-current ToT
CR-RC (4τ)
2

CR-(RC) (4 τ)
CR-(RC) 2 (2 τ)
CR-(RC) 4 ( τ)
semi-Gaussian

Time
Fig. 2.9 Examples of output pulses’ shapes for various shaping methods.
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The comparison of the readout architectures is given in Table 2.1.
Tab. 2.1. Advantages and disadvantages of various readout architectures.
\

Binary Readout

ADC + MUX

Time-over-Threshold

Pros

- high speed
- low area requirements
- low power

- high resolution

Cons

- no direct
information

- low power
- low area requirements
- simplicity
-often very high dynamic
range
- easy implementation of
timestamping
(in
a
constant-current mode)
- limited resolution
- dead time proportional to
the input charge

amplitude

- large area required
- large power consumption
- limited speed
- problematic timestamping when using shapers
The pros and cons have been evaluated assuming the multichannel, low power integrated circuits.

The topic of this thesis is focused mainly on the evaluation of the Time-overThreshold approach for long silicon strip detectors (which have large detector
capacitance). This is due to the fact that the binary readout does not allow
measurement of charge while ADC-based solutions are inapplicable due to the tight
constraints on area, power and speed of the final application. Moreover, a sharp
leading edge of the constant-current ToT-processed impulse might be used for the
interaction time measurement which is one of the objectives of this work. The
following subchapters contain an overview of the existing Time-over-Threshold
based integrated circuits. Presented ASICs represent various approaches to the
problem and illustrate implementations for both pixels and strip detectors.

2.2 Representatives of Time-over-Threshold applications in multichannel detector
readout chips
2.2.1 TOPIX and TOPIX 2.0 ASICs
TOPIX and TOPIX 2.0 are the prototype pixel readout integrated circuits
designed for the PANDA experiment [2.2] [2.3]. Both ASICs were designed in 130 nm
CMOS process for 100 µm x 100 µm pixels. The energy measurement method is the
Time-over-Threshold. Figure 2.10 presents the simplified structure of TOPIX analog
front-end.
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Fig. 2.10 Overview of a TOPIX pixel readout cell.

The AFE of both ASICs are very similar and comprise low-power charge
sensitive amplifier (CSA) with constant-current feedback, detector leakage
compensation circuit and a discriminator.
The CSA uses 12 fF / 24 fF (TOPIX / TOPIX 2.0) feedback capacitance and
achieves the gain of 83.9 mV/fC / 41.5 mV/fC (TOPIX / TOPIX 2.0). The possibility
to use smaller feedback capacitor is a result of core amplifier optimization. The
constant-current feedback discharges the voltage steps which results in triangularshaped pulses. This allows obtaining an intrinsically linear Time-over-Threshold
characteristic after the discriminator (Fig. 2.11). The noise of the TOPIX ASICs are
below 200 e- rms.

Fig. 2.11 Time-over-Threshold vs. Input charge of TOPIX ASIC [2.2].
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2.2.2 Bier&Pastis Chip
Bier&Pastis is a prototype chip designed for the ATLAS pixel detector at the
LHC [2.4]. It consists of 12 x 63 pixel readout cell array, and has been designed and
fabricated in AMS 0.8 µm technology.

Fig. 2.12 Schematic of Bier&Pastis ASIC [2.4]

The analog part of the cell consists of the folded-cascode based CSA with
constant current feedback designed to amplify positive charges (Fig. 2.12). The
discharge current and bias lines can be externally adjusted. The CSA is AC-coupled
to the discriminator (built as a differential pair of bipolar transistors). The
discriminator threshold is set globally but each pixel cell can be corrected for process
variations by using voltage stored on a capacitor (which needs to be periodically
refreshed). This interesting solution allows saving area and power by not using DAC
for trimming.

Fig. 2.13 Output signals of the charge sensitive amplifier a) for different input charges (0.5 – 2.5 fC). b)
for different feedback (discharge) current (1-5 nA) [2.4].

37

The transfer characteristic of this architecture is linear. This is due to the fact
that constant current discharge feedback shapes the CSA pulses so that the pulse
width is proportional to the input charge.

2.2.3 AToM Chip
AToM is an integrated readout circuit designed for the Silicon Vertex Tracker
(SVT) of the BaBar experiment [2.5] [2.6]. This 128 channel silicon strip detector
readout chip was fabricated in 0.8 µm Honeywell RICMOS IV technology. The
channel consists of a linear analog section (CSA and shapers), a Time-over-Threshold
section (discriminator) and a buffering part (Fig. 2.14).
The charge sensitive amplifier implements a continuous discharge and is
followed by a two-stage shaper (inverting / noninverting part and filter / gain stage
with variable peaking time).

Fig. 2.14 Architecture of the AToM ASIC channel [2.5].

The charge sensitivity is switchable and equal either to 150 mV/fC or
250 mV/fC. The ENC noise for 33 pF detector capacitance and peaking times of
100 ns, 200 ns and 400 ns is equal respectively to 1700 e-, 1500 e- and 1250 e- rms.
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The Time-over-Threshold curve acquired for various peaking times is
presented in fig. 2.15. The presence of shaper causes a logarithmic compression of the
characteristic for charges up to approx. 10 fC. The curve nature changes for larger
input charges and is caused by a slew rate of the amplifier.

Fig. 2.15 ToT curves for 100 ns and 400 ns peaking time [2.5].

2.2.4 SFE16 Chip
SFE16 is an integrated circuit designed for the readout of Micromegas
detectors used in the COMPASS experiment at CERN [2.7]. Each of its 16 channels
consists of the CSA, pole-zero cancellation circuit and shaper followed by the
discriminator (Fig. 2.16). It was designed and fabricated in the AMS BiCMOS 0.8 µm
technology.
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Fig. 2.16 SFE16 chip architecture overview [2.7].

The amplifier is based on the folded-cascode architecture. The input PMOS
transistor has been optimized for the 40 pF detector capacitance. The feedback
capacitor value is 500 fF and together with filters results in the gain of 110 mV/fC.
The shaper consists of pole-zero cancellation circuit and fourth order Sallen-Key
filters with peaking time of 100 ns. The chip draws 17 mW of power per channel, the
noise (ENC) is equal c.a. 850 e- rms for 30 pF detector capacitance. The measured
transfer function is strongly nonlinear and called by authors a “logarithmic
compression” (Fig. 2.17b).

a)
Fig. 2.17 a) CSA+PZC stage, b) transfer function of the ASIC [2.7].
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b)

2.2.5 Dynamic ToT Method
A group of scientists from University of Tokyo have recently presented a new
method of the Time-over-Threshold processing [2.8]. It is claimed that by dynamic
adjustment of the discriminator threshold it is possible to linearize the transfer
function of the shaper-based analog front-end. The paper presents the theoretical
basis and measurement results obtained by using amplifier – discriminator circuit
built using discrete elements.

Fig. 2.18 Experimental setup for dynamic ToT method [2.8].

The authors show that the exponential shape of the voltage pulses can be
compensated by using an exponentially modified threshold (Fig. 2.18). The dynamic
threshold is achieved by feeding back the comparator’s output to the threshold
through R-C network. When the discriminator output goes high the capacitor C gets
charged through the resistor R.

Fig. 2.19 Overview of dynamic ToT method [2.8].
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The paper contains also the transfer function of the test setup which proves

Pulse amplitude (a.u.)

that presented method can work (Fig. 2.20).

2
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Fig. 2.20 Transfer function of dynamic ToT test setup [2.8].

The presented idea has not been implemented yes in silicon but the group
claims that the design of the 48 channel integrated circuit is ready (technology:
TSMC 250 nm CMOS, die size: 3.4 mm x 5.2 mm).

2.2.6 Multi-level ToT Method
The same group of scientists from Tokyo University has presented another
novel Time-over-Threshold processing method [2.9]. The method is to solve the
linearity and limited dynamic range problems of the shaper-based Time-overThreshold systems using a simple combination of multiple thresholds (Fig. 2.21).

a)
b)
Fig. 2.21 Overview of the threshold combination for the linearization of the ToT transfer function. a)
ToT responses for various thresholds, b) transfer function as a resulting from combination of three
different thresholds [2.9].
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The authors have presented the linearity that can be achieved for various
voltage pulse shapes (triangular, CR-RC shaped, CR-(RC)4 shaped) with the
combination of three thresholds selected by using the Monte-Carlo analysis. The
improvement of non-linearity was in the range of 5 - 8.

Fig. 2.22 Examples of the characteristics resulting from the presented algorithm [2.9].

2.3 Summary and unresolved issues
To conclude the analysis of existing Time-over-Threshold (ToT) solutions and
implementations:
-

In case of pixel sensor applications, where detector capacitance is small
(typ. 50 fF – 200 fF) there are successful implementations of ToT with linear
transfer characteristics.

-

In case of strip detectors (capacitances range from a few up to tens of
picofarads) analogue front-ends are usually based on CSA and shapers.
This however leads to strongly nonlinear characteristics of the processing
chain.

-

There are ideas aiming to improve linearity of ToT method however they
have not been verified in multichannel integrated circuits yet.

To summarize the literature review, analyzed implementations and solutions
were gathered in a tree (Fig. 2.23). It can be seen, that literature lacks of a solution
of ToT processing dedicated for silicon strip detectors with large detector
capacitance providing a linear transfer characteristics.
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Bier&Pastis
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for this Thesis
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Dynamic ToT (idea only)
Multi-level ToT (idea only)

Fig. 2.23 Tree representing the existing solutions of Time-over-Threshold.

Keeping in mind the aim of this thesis which is the research towards obtaining
a low-power, low-noise, charge measuring solution with possibility of timestamping
and with linear characteristic which would be suitable for detectors with large
detector capacitance and multichannel integrated circuits with a small channel pitch
Author has decided to design a ToT processing chain where shaping is done already
in a first stage (CSA). Due to the large detector capacitance the critical aspects of such
a design approach most probably will be:
-

high enough effective input capacitance of the first amplification stage in
order to gather most of the generated charge,

-

discharge of the feedback capacitor with a constant current granting
a linear transfer characteristic,

-

minimization of the noise in the detector readout system.

The application background for this research is the possible application in the
Silicon Tracking System (STS) at the CBM experiment (FAIR at GSI, Germany).
Next chapters present theoretical analyses, design details and measurement
results of two prototype integrated circuits prepared to achieve this research
objective.
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Chapter 3
TOT01, a prototype Time-over-Threshold based readout chip for silicon
strip detectors
As presented in 1.3.3, a set of preliminary requirements towards readout ASIC for
the STS tracker has been stated. Keeping in mind this coarse specification and
predicted design challenges stated in 2.3, a prototype readout chip TOT01 has been
designed. The aim of this prototype chip was to proof the concept of low power,
integrated Analog Front-End (AFE) suitable to meet majority of these requirements,
in particular: obtaining a linear characteristic and low noise of charge measurement
for large detector capacitances. This first prototype is about to help to identify
potential issues in finding a proper solution for the stated problem. This means that
majority of attention was put on the AFE design.

3.1 Overview of the chip architecture
TOT01 chip comprises 30 identical channels + 1 test channel which is supplied
with additional test pads. The main block of each channel is the charge sensitive
amplifier (CSA) supplied with two switchable constant-current reset circuits (Fig. 3.1,
Fig. 3.2). The amplifier is followed by the discriminator allowing the global (multichannel) differential threshold setting and compensating for the CSA output DClevel deviations in each channel independently by using 6-bit constant current digital
to analog converter (DAC). The output of the discriminator can be inverted
depending on the actual selection of the input charge polarity to provide the same
output pulse polarity. The output pulse of this processing chain is fed through the
31:1 multiplexer structure to the output of the chip for further processing. This allows
readout of only one channel at the time.
TOT01 chip has been fabricated in CMOS 0.18 µm UMC process (Europractice
mini@sic). The design was submitted on 01.06.2009 and 60 naked dies were received
on 21.08.2009. It has 78 pads, measures approximately 1.6 x 3.2 mm2 and dissipates
33 mW. The pitch of 31 channels is 50 µm and each of them consumes 1.06 mW of
power.
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Fig. 3.1. Structure of TOT01 chip.
POLARITY
feedback
circuits
TESTP<1:0>

Ctest
Cfb
-K

IN<30:0>

IN

DECODER

Cemul
WR

OUT

REF

CAP_EN<2:0>

ADDR<4:0>

31:1
MUX

DECODER REG

6-bit
DAC

INIT
DATA<5:0>
TH1
TH2

31 CHANNELS

Fig. 3.2. Simplified structure of TOT01 ASIC channel.

3.2. Charge sensitive amplifier and constant current discharge
The CSA module contains the amplifier itself, the feedback capacitance and
switchable feedback circuits (Fig. 3.2). An additional feature is a set of three 9.33 pF
capacitances which can be connected to the amplifiers’ input to simulate different
detector capacitances up to 28 pF in total. The following subchapters will present
a design process of the CSA stage. In particular: noise optimization design of the core
amplifier and design of the feedback circuits.
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3.2.1 Optimization of the input stage for low noise
In shaper-based systems the noise performance is adjusted by the bandwidth
limitation using shaper filters while the CSA amplifier parameters are tuned for high
speed. There is a number of calculations for various types of shapers (e.g. ideal
Gaussian, semi-Gaussian filters implemented by CR-(RC)n stages, triangular,
trapezoidal etc.) [3.1]. They allow calculation of the expected noise value in those
cases.
In case of considered ToT-based chain, the use of shapers is not desired for
achieving a linear pulse width vs. input charge characteristics. The noise can be
therefore tuned using bandwidth adjustment of the CSA core amplifier.
feedback (discharge circuit)

Cfb
Vn2

Iin

In2
Q· δ(t)

Rbias

-Kv
Ro
gm

Cdet

Vin

shaper

Hs(jω )

Co

Cin

Vout

(optional)

Fig. 3.3. Simplified diagram of the detector and CSA for noise analysis.

A simplified circuit used for the noise calculations is presented on Fig. 3.3. The
detector is modeled by the Cdet capacitance, the biasing resistor Rbias and input charge
current source Qδ(t). It is assumed that most of the noise contribution from the CSA
core amplifier comes from the input transistor and that the frequency characteristics
of the amplifier core can be represented by a single pole model. The noise sources are
represented by parallel current noise c and series voltage noise ^c . Hs(jω) is

a transfer function of shapers’ stage (which is optional). The feedback in this model
contains a capacitor Cfb and a discharge circuit (see chapter 3.2.3 for details). For
determination of the small-signal transfer function, the feedback is modeled as
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effective resistance of the current mirror (rds) (Fig. 3.4). The feedback circuit in terms
of noise and small-signal analysis can be considered in two cases:
-

operation in linear region. When voltage across Cfb is smaller than
saturation voltage of current mirror transistor its noise contribution can be
expressed as:


c
X

Xt

=

[
Xd

. Where rds is a drain-source resistance of the

feedback transistor Mfb.
-

operation in saturation: when feedback operates in saturation, the noise
component can be expressed as:


Xc
Xt

= 4r

$

_/

where gm_fb is a trans-

conductance of the feedback transistor Mfb.
Idisch

Mfb

rds

Mfb in saturation:
di 2 fb 4kT
= r ds
df
Mfb in linear region:

Cfb
Qin

Cfb
Qin

-k(jω)

-k(jω)

di 2 fb 2 4kTgm_fb
df = 3

Fig. 3.4. Simplification of the constant-current feedback noise contribution.

The CSA core amplifier is modeled by a simple, single-pole inverting amplifier
stage. It consists of an active device represented by NMOS with transconductance gm,
load resistor Ro and load capacitor Co. The capacitance of the input transistor is
modeled by Cin capacitor. To simplify calculations, a buffer is assumed to be present
at the amplifier’s output. The frequency-dependent voltage gain of the core amplifier
can be expressed as [3.2]:
() = (d) = − "d^




(3.1)

Where DC-gain kv and bandwidth ωo are defined as:
^ : = {b ∙  

(3.2)
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 : = 



 w

(3.3)

The following calculations are to determine the transfer function of the CSA stage
therefore the noise sources present in Fig. 3.3 are not taken into account. From KCL
for the input node can be stated that:
vv = d ∙ ^v ∙ (wXYZ + wv ) + (^v − ^Z ) z + d ∙ wtu  + ^v ∙ 


Xd



uvyd

(3.4)

Due to the fact, that Rbias is very large it can be neglected for simplicity. The sum of
Cin and Cdet will be later referred to as Cdet_total. Using (3.2) – (3.3) to eliminate vin,
equation can be rewritten as:
−

^Z
vv

= ^

^
w_ZZy wtu

"d[
"w_ZZy "("^ )wtu ]"dc
zXd
 zXd


(3.5)

This expression can be simplified by assuming that ^ wtu ≫ w_ZZy ≫ wtu and
^ ≫  which means that the voltage gain of the core amplifier should be much
larger than 1, effective input capacitance of the amplifier should be much larger than

the detector capacitance and feedback capacitance should be much smaller than the
detector capacitance (in order to collect all of the generated charge). These conditions
are usually met. Therefore (3.5) can be simplified to:
−

^Z
vv

=

zXd
z w
w
w
"d({  "zXd wtu )"9c Xd _ZZy
{
b

(3.6)

b

This can be transformed further to:
−
£
¡
¢
¡

^Z
vv

=

zXd

"d∙y"dc ∙u

=

zXd
¤"d¥("dc )

y = {  + zXd wtu
u=

w

b

zXd w_ZZy w
{b



(3.7)

Where ω1 and ω2 are poles of this transfer function. They can be calculated:
¤ + d ¥¤ + dc ¥ =  + d¤ + c ¥ + dc  c

(3.8)

therefore

 +  = y

c

¦

 c = u

(3.9)

49

These expressions can be simplified for a clearance. It might be assumed that the
rdsCfb product is much larger than the reciprocal of the amplifier’s GBW.
zXd wtu >

w wXYZ_ZZy
{b wtu

≫

w

{b

(3.10)

Therefore poles can be determined by using simplified calculus:
 = z w
Xd tu 
¨
c = u
 = z

¨
c =





Xd wtu

{b wtu

w wXYZ_ZZy

(3.11)



(3.12)

Now, having the transfer function of the charge sensitive amplifier, the noise can be
evaluated.
Noise sources of the presented simplified AFE can be represented by two

noise sources: parallel current noise source vc and series voltage noise source ^c .
Their spectral densities can be expressed by:

Xc
Xt


c
X^

Xt

=


c

Xvtu
Xt

+

=ª+t

«


c

Xvuvyd
Xt

+


c

XvYy
Xt

= |vdY_tu + 

[

uLyd

+ c©|XYZ

(3.13)
(3.14)

where: q – elementary charge, k – Boltzmann’s constant, T – absolute temperature
[K], A – spectral density of the amplifier’s white noise (thermal noise), B – spectral
density of the amplifier 1/f noise (flicker noise), Idet – detector leakage current, Rbias –
detector biasing resistor, Inoise_fb is an effective current noise resulting from feedback.
The current noise is associated with the detector leakage current Idet, detector
bias resistance Rbias and the feedback discharge circuit. These expressions can be
simplified assuming that biasing resistance Rbias is very large and therefore can be
neglected.

c
X

Xt


c
X^

Xt

=


Xctu
Xt

+

=ª+t

«


XcYy
Xt

= |vdY_tu + c©|XYZ

(3.15)

(3.16)
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Main contributors to the voltage noise are frequency dependant 1/f noise
(parameter B) and frequency independent white noise component (parameter A).
They are related to the CSA core amplifier. In well designed circuit the main
contributor to the noise is the input transistor. The expression for the voltage noise
spectral density can be therefore expressed by [3.4]

c
X^

Xt

=


X^cZ\Yzby
Xt

+


X^c/t
Xt

= [ {  + w

t  

¬

b

]

®¯ t

(3.17)

Where: gm – input transistor transconductance, w] – unitary gate oxide capacitance,

t - flicker noise coefficient, f – frequency, W, L – transistor width and length, ¬ –

factor ranging from 1/2 (weak inversion) to 2/3 (strong inversion).

Both of the presented noise sources result in noise voltage at the CSA output.
Assuming that the noise sources are not correlated the total noise at the AFE output
can be calculated by using the superposition principle. The output voltage noise
resulting from series input noise voltage can be calculated by integrating over the
frequency a product of spectral noise density of each noise component and squared
transfer function of the CSA and afterwards by summing the integrals together [3.3].
Sensor leakage noise component (thermal)

XcYy
Xt

=c©|XYZ

(3.18)

² ^Z

c
X^
Yy = °³ ± v ±

c 
Xc

v
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Xt
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©|XYZ zXd

c

wtu

(3.19)

Feedback noise component (thermal)
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(3.20)

Xt = w
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c
c X

² ^Z

c
for saturation region: X^
tu = °³ ± v ±
v



tu

Xt

tu

(3.21)

Xt = $

 [E6_·¸ zXd
wtu

Transistor channel noise component in strong inversion (thermal)
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(3.22)
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Transistor 1/f noise component (flicker)
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Moreover, it can be shown that the size of the input transistor and therefore its
capacitance can be optimized for a low output noise [3.4]. According to this analysis,
the noise component resulting from the amplifier white noise can be minimized
when capacitance of the input transistor is equal to:
wv_xZ_¿ =

wXYZ "wtu
º

(3.27)

To minimize the 1/f component of the output noise capacitance of the input
transistor should be equal to:
wv_xZ_/t = wXYZ + wtu

(3.28)

To summarize the noise analysis of the input stage [3.3][3.4]:
- the larger detector capacitance, the larger is the noise contribution from the input
transistor,
- drain current should be kept as high as the power budget allows (gm should be
maximized),
- the minimum transistor gate length is desired,
- to obtain a minimum total noise at the CSA output, the capacitance of the input
transistor should be within the range of Cdet/3 up to Cdet (assuming that feedback
capacitance is much smaller than Cdet, which is often true for strip detectors).
- the noise is dependent on the magnitude of the noise contributors and on the
transfer function of the CSA and (when present) shaping filters.
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3.2.2 CSA core amplifier
The best PSRR (Power Supply Rejection Ratio) to reduce the interference
coupling from digital domain is provided by the differential structures. However,
due to the optimization for low noise it is not desirable to use differential pairs in the
input amplifier. The architecture of the CSA core is based on the folded-cascode
architecture (Fig. 3.5). The n-well of separately power-supplied p-channel MOSFET
input transistor was used as a shielding from bulk-transferred interferences. It is
optimized for 30 pF detector capacitance while keeping in mind the area constraints –
W/L = 1800 µm /0.18 µm biased at 500 µA drain current.
Schematic and simplified equivalent circuit are presented on Fig. 3.5 and
Fig. 3.6. The gain of such folded-cascode amplifier can be determined by following
calculations:
Vdd
M3

Vdd

Vcurr1
OUT

IN

M1

M2

Vcurr2

Vcasc

M4
GND

Fig. 3.5. Simplified schematic of the TOT01 input stage (for calculations purposes).

gm2 vgs2=-gm2vds1
gds1

gm1 vin

gds4

vin

gds2
vds1

gds3
vout

Fig. 3.6. Simplified equivalent circuit of the TOT01 input stage (for calculations purposes).

WZ ∙ {Xdº − WXd ∙ {bc + (WZ − WXd ) ∙ {Xdc = ³

À
Wv ∙ {b + WXd ∙ ({Xd + {Xd ) + WXd ∙ {bc − (WZ − WXd ) ∙ {Xdc = ³

(3.29)

Xdc
WXd = Z{ Xdº

bc "{Xdc
¦
Wv ∙ {b + WXd ∙ ({Xd + {Xd ) + WXd ∙ {bc − (WZ − WXd ) ∙ {Xdc = ³

(3.30)

after reorganization:

W

∙({

"{
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)

after substitution and reorganization gives:
WZ
Wv

= −{

{b ∙({bc "{Xdc )

Xdc ∙({Xd"{Xd )"{Xdº ∙({Xd "{Xd "{bc "{Xdc )

(3.31)

The actual schematic of TOT01 core amplifier is presented in Fig. 3.7. The

power supply of the Min transistor is separated and is lower than the main power
supply (1.2 V instead of 1.8 V as the rest of circuitry) in order to lower the power
consumption (by 30% in this case) and coupling of the interference from the
following stages. The biasing current can be externally adjusted (by using a resistor),
however the current ratio between the branches is fixed. Drain currents of Min, Mcas
and Mout transistors are equal respectively: 500 µA, 19 µA and 16 µA. The total power
consumption of the CSA is 625 µW for nominal biasing conditions. In order to limit
the amplifier’s bandwidth and therefore adjust the noise, 400 fF capacitor was placed
at the folded-cascode output.
Vdd (1.8V)

Vddm (1.2V)
IN

Min
icas

M1

M2

2000
0.180

Mout
OUT

Vddmx

C1 400fF

Mcas
1
1

I1

1
10

I2

1
30

I3

gnda
Fig. 3.7. The CSA core amplifier schematic.

3.2.3 CSA Feedback
The feedback capacitor Cfb is equal to 20 fF. This value is a result of a trade-off
between circuit stability, desired gain and charge losses. The circuit to discharge the
CSA feedback capacitor is based on the current mirror (Fig. 3.8). The current from the
external, off-channel reference is reflected in the mirror creating the current source
Idisch. This current flows all the time through the M2 transistor. Depending on the
actual state of the CSA (idle or just after the charge deposition) the Vds of the M1
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transistor changes polarity so that the current changes its direction. In the idle state
M1 takes the whole M2 current. When the input charge arrives, M1 starts to operate as
the current mirror thus discharging the feedback capacitor.

Fig. 3.8. The CSA with discharge circuits.

Two switchable, complementary discharge circuits were provided to enable an
operation with both input charge polarities. The selection of the polarity is done by
using an external pull-up
up or pull
pull-down resistor. The actual switching is done by four
cross-coupled
coupled CMOS transmission gates. The discharge current is expected to be in
the range of 1 - 10 nA and can be adjusted by using an external resistor.
An important
mportant feature of the presented solution is that the circuit keeps the
linear pulse width vs. input charge characteristics even when the output of the
amplifier itself is saturated (Fig. 3.9).
3. . This is thanks to the fact, that the feedback sstill
operates correctly discharging the feedback capacitor. This results in a very high
dynamic range limited basically only by the specification requirements like the
required maximum dead time or the size of the counters in the back-end
back end measuring
the pulse width.

55

600

500

4

threshold
400

400

300

3
300

pulse width (µ s)

pulse amplitude (mV)

CSA output (mV)

500

200
100

2

1

200

0

100

0
0

1

2 3 4
time (µ s)

5

6

0

a)

10

20
30
input charge Qi (fC)

40

50

0

b)

10

20
30
input charge Qi (fC)

40

50

c)

Fig. 3.9. Simulation presenting the invulnerability of the ToT processing for the saturation of the CSA
amplifier. a) CSA output voltage vs. time, b) CSA output pulse amplitude vs. input charge, c) CSA
output pulse width vs. input charge.

To provide a linear charge to time conversion the current mirror M1-M2 should
be at the same time a good current mirror (having large rds resistance) and should
have a low saturation voltage Vdsat to be able to work as a current mirror for low input
charges (when Vds is low). What is more, the transistors should have a limited area to
minimize the parasitic capacitance which may affect the small feedback capacitance
(Cfb = 20 fF). This is an important design trade-off that should be considered.
The current mirror resistance can be increased by making the length L larger
(in the order of 4 - 10 µm). Vdsat can be reduced by increasing the W/L factor. This
requires a large transistor area which results in significant parasitic capacitances
affecting performance of the whole circuit. The dimensions of the current mirror
transistors in TOT01 ASIC have W/L equal to 6 µm / 4 µm.

3.2.4 CSA Layout
The CSA cell was designed for a 50 µm channel pitch (Fig. 3.12). Minimization
of the parasitic capacitance between input and output node only to the desired 20 fF
between those two nodes was a design challenge of the layout. The feedback
capacitance Cfb was built between the plate of metal 4 enclosed by metal 3 and metal
5 while the necessary connections were made as narrow and short as possible
(Fig. 3.10). The capacitor trimming during layout design was done by using the
parasitic extracting tool to obtain the desired capacitance between input and output
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CSA nodes. The transistor placement follows the rules for minimization of mismatch
and interference coupling:
-

Transistors of current mirrors (I1, I2, I3 and M2, M1) have the same orientation
and are located next to each other within the same rings and well for PMOS
(Fig. 3.11).

-

The CSA cell is separated from other blocks (i.e. discriminator and adjacent
channels) by closed guard rings which are often wider than minimum size.

top view

cross-section

M5
M4
M3

Fig. 3.10. Layout of metal-metal capacitor implemented in TOT01.

two matched PMOS
n-well

guard ring

Fig. 3.11. Example of guard ring placement around two matched PMOS transistors.

CSA CELL SIZE: 50 µ m x 120 µm
feedback 1
IN

Min

Cfb
I1

I2 I3

Fig. 3.12. Layout of the CSA cell.
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feedback 2

Mout
Mcas
M2

M1

C1
OUT

3.3 Discriminator and trimming DAC
3.3.1 Discriminator and pulse conditioning circuits
The task of the discriminator is to produce an output pulse lasting as long as
the CSA output exceeds a certain threshold. The presented architecture consists of
the unity-gain differential amplifier (single-ended to differential conversion, offset
compensation and threshold setting), fully differential discriminator with hysteresis
[3.6], full swing output stage and circuits adjusting the output pulse polarity
(Fig. 3.13, Fig. 3.14).
CSA
+ feedback

Unity-gain
differential pair

High gain stage
+ hysteresis

High gain stage
full swing output

Switchable
Inverter

First MUX
stage

Th1
IN

CSA

IN
K=1

D<5:0>

REF

MUX

A<4:0>
Decoder REG Trim DAC

Th2

Fig. 3.13. Overview of the discriminator block

The first stage is a unity-gain amplifier. Its task is to convert the single-ended
CSA output signal to the differential one in order to keep the operation of the next
stage most effective. The first stage implements also the threshold setting (Th1, Th2)
and the trimming functionality (DAC). Transistors M3 and M4 as a load of the
differential stage are used for controlling the threshold. Transistors M1 - M4 are
biased with 40 µA current and have identical dimensions W/L = 59 µm / 1.6 µm to
achieve differential gain equal to 1. Changing the gate voltage causes the shift of the
DC output levels. The gate of M2 transistor is driven by a DAC. It is used to
compensate for the DC level spread at the CSA output.
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M6
MUX
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TP

Th2

M7

M8

M9
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Fig. 3.14. Discriminator structure with auxiliary circuits.

The second stage is the actual discriminator built as a high-gain differential
pair (W/L = 120 µm / 2 µm) with an active load (M7 - M10) introducing 16 mV
hysteresis to prevent multiple short pulses resulting from noise (Fig. 3.15). The
hysteresis can be achieved by an internal positive feedback [3.6]. There are two
feedback paths in the second stage of the presented comparator. The first, negative
one, is a current - series feedback through a common node of input transistors. The
second, positive feedback is a voltage-shunt type through M8 - M9 transistors. It can
be shown that the hysteresis can be controlled by a proper sizing of M7 – M8 and M9
- M10 transistor pairs [3.6]. Hysteresis will be present when positive feedback is
dominant. This is when W/L of M8 (M9) transistors is larger than W/L of M7 (M10).
The third stage is a next high–gain stage with full swing, single ended output
(M11 - M14). Then the output pulse can be inverted or not depending on the input
charge polarity.
The static power consumption of the discriminator is equal to 200 µW.
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Discriminator output (V)

2
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16mV

1

0
510

520
530
540
Discriminator input (mV)

550

Fig. 3.15. Simulation result presenting the hysteresis of the TOT01 discriminator.

The layout of the discriminator is presented on Fig. 3.16. It can be noticed that

transistors of each stage are grouped together and surrounded by guard rings.
Moreover, the layout includes three probe-pads (two on complementary output lines
of the first discriminator stage and one at the output stage). There are also two
decoupling capacitors (7 pF each).
TOT01 Discriminator CELL SIZE: 50 µ m x 366 µm
UNITY-GAIN
STAGE

HIGH GAIN STAGE
+ HYSTERESIS

PROBE PADS

HIGH GAIN
FULL SWING STAGE

DECOUPLING CAPACITORS

SWITCHABLE
INVERTER

PROBE PAD

Fig. 3.16. Layout of the discriminator.

3.3.2 Trimming DAC
The task of Trimming DAC is to compensate for the DC offset spread at the
CSA output. The DC offset spread causes a pre-unbalance in the discriminator and
effectively shifts the threshold level. The unbalance can be corrected by providing the
voltage equal to the DC level in the actual channel to the gate of M2 transistor in the
first discriminator stage.
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Fig. 3.17. Monte-Carlo analysis of: a) CSA output level spread, b) Discriminator effective threshold
spread.

According to the Monte-Carlo simulations of the CSA an offset spread can be

expected in the order of ÁÂw = Ã¹ bW while the effective discriminator threshold

spread is ÁZ\z = c bW (Fig. 3.17). This adds together and the resulting effective

spread at the discriminator is expected to be:

ÁZ\z = kÁÂw c + ÁZ\z c = Ã¹ bW

(3.32)

which corresponds to the threshold spread of approximately ÁZ\zYd\X ≈ . tw.

TOT01 ASIC is supplied with 6-bit DAC. It has an externally adjustable range.

For nominal conditions, the range is set to 400 mV which results in LSB equal to
6.25 mV. To prevent the temperature gradients presence and to keep the voltage
drop across the supply lines the DAC has a value-independent power consumption.
This is particularly important because due to the high integration of the circuit such
effects might compromise the chip ability to compensate for the offset spread. It was
implemented by a set of complementary switches, which depending on the actual
register setting, direct the current to the current summing node or to the ground
(Fig. 3.18). The current to voltage conversion is based on a circuit containing
a resistor (with low temperature coefficient and low process variation) and a current
mirror. The offset is adjusted by OFFSET_REF pin which changes a constant current
flow through the resistor. Example of the DAC’s characteristics is presented in
Fig. 3.19.
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Fig. 3.18. Structure of 6-bit
bit trimming DAC.

The trimming DAC value for each channel is stored in a register. The registers
can be loaded through a parallel interface (6-bit
(6
data, 5-bit address, write and init
signal). For testing purposes, all trimming DAC registers can be quickly pre-loaded
pre
by a half-range value (32) by using init signal. Figure 3.20 presents
resents a memory cell
which can be initialized to “0”.

Fig. 3.19. Simulated characteristic
acteristic of the Trimming DAC (configured to 50mV range).

OUT
D_IN

D_IN
WR
INIT

WR

Fig. 3.20.. Memory cell initialized to 0.

The layout of a DAC was prepared according to the guidelines for good
matching. The main current mirrors transistor array created by multiple transistors
of the same size have been located in a common n-well
n
by using a common
common-centroid
layout to reduce the impact of a process variation. The guard rings are applied
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wherever it is possible. Figure 3.21 presents a layout of trimming DAC cell together
with a register and decoder.
TOT01 Trimming DAC CELL SIZE: 50 µ m x 277 µm
CURRENT
ADDER NODE

COMPL.
SWITCHES

MIRROR TRANSISTORS
(COMMON CENTROID LAYOUT)

SWITCHES
REGISTER
+ INVERTERS + DECODER

Fig. 3.21. Layout of 6-bit Trimming DAC implemented in TOT01.

Figure 3.22 presents an example of transistors organized by using a commoncentroid layout. For the picture clearance a 5-bit DAC is presented.

dummy

dummy

bit 0
bit 1
bit 2
bit 3

dummy

dummy

bit 4

Fig. 3.22. Example of common-centroid layout for 5-bit DAC.

3.4 Layout considerations of a TOT01 channel
Figure 3.23 presents the layout of a single channel. It has been carefully
designed to prevent the interference coupling. In the mixed-signal integrated circuits
the interference can be transferred by two means [3.4]:
-

common power supply lines,

-

common silicon bulk.
The design of mixed-signal integrated circuits (like TOT01) should as much as

possible prevent from the interference coupling between the analog and digital
domains but also between the channels and other blocks in the same domain. There
are several means for minimization of these effects [3.4].
A. Schematic-level:
-

increasing the immunity of analog blocks for the interference,
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-

reduction of the amount of generated interferences,

-

reducing, if possible, the activity of interfering blocks during crucial operation
of sensitive analog blocks,

-

filtration of interfering signals.

B. Layout-level:
-

spatial organization of certain functional blocks on the die area,

-

careful routing of power supply lines and placement of their bonding pads,

-

placement and location of guard rings and bulk contacts,

-

using the shielding layers.
MUX out
bias & switch

power supply

power supply

address, data, control

detector interface
test charge injection
test pads

Fig. 3.23. Layout of the TOT01 Chip.

The layout of the whole ASIC die is presented on Fig. 3.23. The detector
interface consists of 31 pads with 100 µm pitch aligned in a single line on the wider
side of the die. The reason was the limitation of the die size (only multiplicity of
1.5 mm x 1.5 mm blocks were available in this Europractice run) – dual line pad array
with smaller pitch would require a considerable amount of space and as a result it
would not be possible to fit so many channels into this prototype chip. The fact that
the detector pads have to be located on one side of the ASIC has mostly determined
the channel architecture.
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TOT01 CHANNEL SIZE: 50 µm x 940 µm
CSA

DISCRIMINATOR

TRIMMING DAC

guarding trenches and rings

Fig. 3.24. Layout of a single channel.

The channel has the length of 940 µm and is designed for a 50µm pitch
(Fig. 3.24). The charge sensitive amplifier is preceded by a set of three capacitors
(10 pF each) which can be connected to the CSA input and thus emulating the
detector capacitance. The CSA power supply lines VDDM and VDD are decoupled
and filtered by 10 pF capacitors located in each channel. The decoupling capacitors
act also as spacers between sensitive CSA and noisy discriminator output.
Behind the CSA the discriminator and trimming DACs are located. Their
power supply is decoupled as well. The discriminator is fully differential which
increases the immunity to the interferences (by the means of high power supply
rejection ratio PSRR). The guard rings are located on the channel perimeter to
minimize the cross-coupling between channels. Additional guard rings are also used
between the functional blocks (e.g. CSA, capacitors, discriminator, trimming DAC
cells) (Fig. 3.25).
DECOUPLING
CAPACITORS

DECODER

CSA

DISCRIMINATOR

TRIMMING DAC

CSA

DISCRIMINATOR

TRIMMING DAC

CSA

DISCRIMINATOR

TRIMMING DAC

ESD DIODES
PAD

MUX

p-type guard ring
n-type guard ring

...
DIE EDGE

Fig. 3.25. Overview of the guard ring placement in TOT01 ASIC.

Several test pads for probing with a tungsten microprobe were located in each
channel. It is possible to observe the output of the CSA, symmetrical output of the
first stage of the discriminator and single-ended discriminator output. In addition,
channel 0 is supplied with additional test pads: at the DAC output and at the input of
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the discriminator (behind the transmission gate). The size of each probe pad is
20 µm x 20 µm.
Detector pads are routed directly to the inputs of appropriate channels. No ESDprotection diodes are used to prevent from a leakage current flow and additional
parasitic capacitance. The power supply pads are located symmetrically on both
sides of the die. The number of pads dedicated to certain power pin is related to the
expected current flow (analog ground has 6 pins, power supply of the input branch
has 4 pins, all others have 2 pins in total). To minimize the capacitive coupling
between the power domains in the power distribution network, the pads and paths
of separate power domains are spaced from each other. The power is distributed
among the channels using three top metals including thick 6 metal layer and path
widths ranging from 20 µm up to 60 µm to minimize the series resistance and
inductance of paths. The decoupling capacitors are located in each channel separately
and on the chip perimeter in the channel-free areas. The back side of the ASIC is
dedicated for interface and biasing.

3.5. Test environment
A dedicated setup has been prepared for testing the TOT01 integrated circuit.
It comprises of many components operating remotely under command of the
software working on a regular PC machine. Depending on the setup variant, it may
contain more or less external components (like power supplies, DAQ cards etc.)
however it always contains a PC with the LabVIEW software running and
a dedicated test PCB hosting the ASIC itself and some auxiliary circuitry.
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Fig. 3.26. TOT01 test PCB structure.

The TOT01 ASIC size (1.5 mm x 3.4 mm), number of pads (81) and multiple
power domains (2 analog and 2 digital) pose thick requirements on the PCB
manufacturing technology. This circuit was manufactured with a process which
allows using paths and spacing as narrow as 4 mils (101 µm) which is required
especially in the region close to the ASIC footprint. Careful power supply
distribution and signal routing preventing from interference coupling required the
use of 6 metal layers. The PCB has the size of 100 mm x 100 mm (Fig. 3.26).
TOT01 test PCB consists of:
-

TOT01 footprint designed for wire-bond connections,

-

circuits for current biasing of TOT01 circuit (group of precise multi-turn
potentiometers),

-

separately driven test pulse injection circuits for even and odd channels to
prevent the interference coupling. External pulse generator can be connected
using SMA 50Ω cable. The voltage step after being divided in a resistor ladder
is connected to ASIC where it is distributed to appropriate injection capacitors
in each channel,

-

a set of low noise, linear voltage regulators to provide a clean power supply
for all of the TOT01 circuit power supply domains. The special attention has
been paid to proper decoupling of the power domains and routing to prevent
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the interference coupling especially from digital to analog parts. It is also
possible to use external power supplies instead of the on-board ones,
-

footprint for the silicon strip detector together with high voltage biasing and
filtration circuits (ferrite beads, common mode choke and R-C filters),

-

assembly holes for metal shield mounting. The shield is a metal box with
a hole covered with thin aluminum foil for passing the X-rays towards the
detector,

-

connectors for data and threshold setting (interconnection with DAQ card),

-

optional, on-board data acquisition system. It is possible to mount the FPGA
equipped with external memory, USB interfacing chip and DAC for
a threshold setting.

The design of this test PCB has been optimized for flexibility. This is always
a tradeoff between the circuit functionality, performance, size, complexity and cost.
Additional debugging features take space and may affect the performance but allow
splitting the startup and characterization into stages and make the debugging easier.
It is possible to create a detector module which requires only a PC connected through
USB cable and high voltage power supply (Fig. 3.27). However to make the first startup and characterization easier all of the power supply and interfacing can be
prepared using COTS (commercial off-the-shelf) laboratory products (Fig. 3.28).

PC
LabVIEW

USB

TOT01
PCB

X-ray
generator

Power supp.
Fig. 3.27. TOT01 test setup using on-board FPGA DAQ system with minimum external components
required.

68

X-ray tube

TOT01 test PCB
Agilent33220A
Arbitrary
Generator

USB

PC Machine
LabView Software

ETHERNET

Test Pulse
Conditioning

Th1, Th2
TOT01 ASIC
USB

NI USB– 6259
DAQ Card

ToT
out

NI SBRIO
FPGA+ RT
Card

Agilent34401A
Multimeter

2cm AC coupled
Si Strip Detector

Biasing Circuitry

Power Supply&
Decoupling

Detector Bias
Circuitry

Bias Currents’ Measurement

Power Supplies
(Multiple DC)

High Voltage
Power Supply

Fig. 3.28. Overview of test setup for TOT01 ASIC.

The laboratory equipment with a remote control ability has been used for the
characterization of TOT01 ASIC. This approach allows a construction of automated
test procedures and results in shorter time spent on the tests. The threshold setting
and the slow control (configuration of trimming DACs and multiplexer control) is
performed using the National Instruments USB-6259 DAQ card. Due to the fact that
output pulses can be very short (tens of nanoseconds) a typical DAQ card would be
not enough. That is why the FPGA board (National Instruments Single-board RIO)
has been used instead. This device contains a Xilinx FPGA chip and is equipped with
a DSP processor and Ethernet interface. It is possible both to design a custom
software and to control it externally using the National Instruments LabVIEW
environment. The task of this board is to count and measure output pulses from
ASIC within a certain acquisition time window and to transmit the processed results
to the PC for further processing. Multiple, low and high voltage, low noise power
supplies (Agilent) have been used and carefully grounded to prevent from
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interference coupling between power domains. A precise multimeter (Agilent
34401A) was used to measure and adjust the biasing currents of the ASIC.
A measurement software allows both acquisition (in several modes) and
advanced off-line data analysis. Fig. 3.29 presents its use-case diagram.
«extends»
«extends» Single-acquisition

Threshold-scan
acquisition

«extends»

«uses»
Acquisition

«extends»
«extends»
Parametric-scan

Single-point
acquisition

«uses»
«uses»

User 1

Post-processing of
acquired data

User 2

Fig. 3.29 Use-case of data acquisition software for TOT01 ASIC characterization.

3.5.1 Mounting of the ASICs naked dies
The prototype ASICs have been delivered as naked dies. Before testing, it is
necessary to perform a precise assembly and mounting to the test PCB. First, the
ASIC was attached to the ground pad with a conductive adhesive. Then, all the
necessary connections were made using thin a 25 µm wire which is attached both to
the gold-plated pad on the PCB and the ASIC pad using an ultracompression
method. A dedicated tool for wire bonding was used (Fig. 3.30, Fig. 3.31).

Fig. 3.30. A tool for wirebonding and a bonded TOT01 ASIC.
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bonding wire

Φ 20 µm

chip die
gold plating
copper signal paths and planes

600 µ m
17 µ m

PCB laminate
1.5 mm

solder mask
conducting adhesive

Fig. 3.31. Overview of a naked-die mounting on the PCB.

3.5.2. Test charge injection circuit
To simplify and enable some of the characterization measurements it is often
desired to be able to inject to a channel exact amount of charge. The test charge
injection circuit used in TOT01 ASIC uses a principle that applying a voltage step
across the capacitor results in a charge flow. A 100 fF capacitor is located in each
channel of the integrated circuit. The capacitor is connected with the CSA input on
one side and a common pad where the voltage step will be applied on the other side.
Rfb

∆Vtest

Cfb

Qtest
Ctest

-Kv

Cdet
Fig. 3.32. Simplified schematic of a charge injection circuit.

Figure 3.32 presents a simplified charge injection circuit. The diagram contains
the CSA core with a gain –Kv, a feedback capacitance Cf, an injection capacitor Ctest
and a capacitance Cdet representing in this case both detector capacitance and input
transistor capacitance. Under this assumption the injected charge Qtest can be
expressed by:
sZYdZ = ∆WZYdZ

"

wZYdZ

wZYdZ
wXYZ (^ )wt

≈ ∆WZYdZ ∙ wZYdZ |wZYdZ≪wXYZ≪(^ ")wt

(3.33)

In practice the presented condition (wZYdZ ≪ wXYZ ≪ (^ + )wt ) is often met.

To satisfy the expectations the injected charge should be noise free, its value should
be known as precisely as possible (since it is used for characterization) and the
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injected charge should not vary much between tested channels (component
mismatch).
To meet these requirements the injection capacitor should not be too small
(due to the higher mismatch). In TOT01 ASIC this capacitor has 100 fF. This means
that to inject 1 fC charge a voltage step of 10 mV is required. When an external COTS
voltage generator is to be used the minimum peak-peak amplitude of a pulse is equal
to 20 mV. A voltage divider is then required. However, due to the fact that SNR of
the generator vary with a range (and often is the worst for the lowest amplitudes) it
is desirable to select the division factor so that the SNR within the input charge range
of interest is the highest. What is more, the resistor divider should be also a proper
terminator for the transmission line (e.g. 50 Ω). In this case a set of resistors equal to
1 Ω and 49 Ω was used (yielding a division factor of 50 and a total termination
resistance of 50 Ω at the same time). A generated pulse amplitude within the range of
100 mV to 4 V maps to the injected charges respectively from 0.2 fC up to 8 fC.

3.6. Test methodology
3.6.1 Threshold scan method
The extraction of the noise performance is crucial for all analog circuits for
measurement applications. The equivalent noise charge (ENC) is a commonly used
parameter in applications using charge amplifiers. In binary readout systems the
typical and well known method for extracting the CSA parameters is called
“threshold scan”. It allows for determination of the CSA voltage gain and the
equivalent noise charge ENC.
By injecting a certain number of test pulses with known amplitude (input
charge) for various discriminator thresholds and by observing the number of pulses
registered by the circuit, so called s-curve can be recorded (Fig. 3.33). The curve can be
plotted as a number of pulses recorded by the readout ASIC versus the discriminator
threshold.
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Discriminator Threshold Scan
counts

Qi = const.

CSA output
threshold
discriminator
output

a

impulse counting

σ

c
discriminator threshold [V]

a)

b)

Fig. 3.33. a) Acquisition of pulses for various thresholds, b) example of a single s-curve recorded
during threshold scan.

For a noiseless system, the s-curve transition would be infinitely sharp.
However, the presence of noise causes it to be slighter. The width of the transition is
proportional to the noise at the CSA output. Assuming that the noise has the Gaussian
distribution it is possible to extract both pulse amplitude and rms noise voltage by
fitting the modified error function to the s-curve.
Æ = c ∙ ( − ÇÈ 
y

]-a

√c∙Á

)

(3.34)

Where: a – nominal number of injected pulses per acquisition, c – s-curve transition
midpoint corresponding to the pulse amplitude when referred to the DC offset, σ –
rms noise voltage.
The voltage-gain characteristic of the CSA under test can be extracted by
acquiring the s-curves for various input charge values, extracting the s-curve

Qi1 Qi2

Qi3

...
σv

Qi6

s-curve transition
midpoint (mV)

counts

transition midpoints and plotting them versus the input charge (Fig. 3.34).

threshold (mV)

Av

input charge (fC)

a)

b)

Fig. 3.34. a) Family of s-curves, b) Example of a extracted gain characteristic .

The ENC value can be calculated by dividing the rms noise voltage Á^ by the

voltage gain ª^ of the CSA around the same operation point.
ÉÊw^ = ª^
Á

^
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(3.35)

3.6.2 Extraction using statistical observation of ToT
Although for ToT systems it is still possible to use a discriminator threshold
scan, it would be more convenient to use information on the pulse width rather than
the number of registered pulses (Fig. 3.35).

CSA output
threshold
σt

discriminator
output

µt

Fig. 3.35. Example of the discriminator output pulses for certain threshold and in the presence of
noise.

By injecting certain number of test pulses with known amplitude sv (input

charge) and statistically observing the discriminator output pulse widths it is possible
to plot the pulse width vs. input charge curve (Fig. 3.36). This curve might include
both average pulse width and its standard deviation ÁZ which is related to the noise.

The ENC value can be calculated by dividing the rms noise ÁZ by the gain ªZ of

the CSA around the same operation point:
ÉÊw^ = ªZ

1

(3.36)

Z

Qi1

...

Qi5
σt

pulse width (ns)

logic signal level

Á

At
σt

0
time (ns)

threshold

a)

input charge (fC)

b)

Fig. 3.36. a) family of the discriminator output pulses, b) example of extracted gain characteristic.

3.6.3 Source of offset in pulse width vs. input charge characteristics
In a noiseless system the pulses for certain input charge should always have
the same length and the pulse width vs. input charge characteristic should always
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start at the threshold level and follow a linear path with a constant slope (Fig. 3.37).
However, the bandwidth and slew-rate related limitations in real systems cause some
non-idealities. The peak of the pulse gets flattened and causes an offset in pulse width
vs. input charge characteristics.

Pulse width for certain threshold

CSA output pulse

effective flattop
(cause of offset)

threshold

th
re
sh
ol
d

time

ideal pulse
real pulse
approximated pulse
a)

input charge

b)

Fig. 3.37. Explanation of the offset presence in pulse width vs. input charge characteristic: a) CSA
output pulses, b) pulse width vs. input charge characteristics.

CSA output voltage (mV)

Simulation:
Input charge: 0.2 - 5 fC
Noise: 0.5 mV RMS (156 e-)
600
580
560

threshold

540
520
500
480
0

200

400

600 800
Time (ns)

1000 1200

Fig. 3.38. Simulation of the TOT01 CSA output for various input charges (start: 0.2fC, stop: 5fC, step:
0.2fC) with appended white noise (0.5mV rms). Only a single representation of each signal is
presented for clearance.
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To confirm this thesis a simulation has been prepared. A series of CSA
responses was recorded with appended noise (0.5 mV rms). For each input charge
(from 0.2 fC to 5 fC with step of 0.2 fC) 100 representations were generated (Fig. 3.38).
On this basis, several average pulse width vs. input charge characteristics were
obtained for various thresholds. Results are presented on Fig. 3.39. On the plot the
threshold levels were marked (vertical lines on horizontal axis) and linearized
characteristics were extended to reach this axis as well. It can be noticed that the offset
exists which confirms the above thesis.
Moreover a standard deviation of the digital pulses was determined. It is
presented on Fig. 3.41 in the table. It can be seen that for lower thresholds, the time
jitter gets higher. This important phenomena was discovered during tests of TOT01
and will be explained in details in chapter 3.7.6.

Average pulse width (ns)

Threshold

σt

1200

590mV (~0.2fC)

7ns

1000

585mV (~0.45fC)
580mV (~0.69fC)

4ns
3.3ns

800

570mV (~1.18fC)

2.3ns

600

550mV (~2.18fC)

1.8ns

400

530mV (~3.16fC)

1.7ns

510mV (~4.15fC)

1.7ns

200
0
0.2

1

2

3

4

5

Input charge (fC)

Fig. 3.39. Average pulse width vs. input charge characteristics for various thresholds derived from
simulation results (Fig. 3.38).

3.6.4 Nonidealities in pulse width vs. input charge characteristics
Moreover, the presence of noise leads to the spread of pulse width and s-like
transition shape around the threshold on the pulse width vs. input charge
characteristic. This idea is presented on Fig. 3.40. The presence of the offset has just
been explained. Around the threshold level, where the CSA output pulse has
a flattop-like peak causes a sharp transition of the characteristics’ shape above the
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threshold while the presence of noise causes occurrence of short pulses even for

pulse width (ns)

CSA output

pulses below the threshold.

logic signal level

time (ns)
1

Qi1

... Qi5
σt

threshold

input charge (fC)

0
time (ns)

Fig. 3.40. Explanation of the offset presence in pulse width vs. input charge.

To confirm this thesis a series of simulations has been performed. The CSA
output pulses with appended noise were recorded for various input charges
(Fig. 3.41). The emphasis has been put on the area around the threshold and thus the
simulation step in this area was 0.05 fC.
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CSA output voltage (mV)

Simulation:
Input charge: 1.4 - 6 fC (variable step)
Noise: 0.7 mV RMS
600
580
560
540
520
500
480
460
0

250

500
Time (ns)

750

800

Fig. 3.41. Simulation of the TOT01 CSA output pulse with 0.7mV rms noise appended.

Resulting average pulse width vs. input charge for the threshold level of 563.8 mV
(1.55 fC) is presented on Fig. 3.42. It can be seen that in spite of the fact that the
threshold was set for 1.55 fC there are also some short pulses present below this
threshold. The measurement results obtained with TOT01 ASIC, presented later in

Average pulse width (ns)

this chapter, also confirm this statement (Fig. 3.49).
950
750
550
350
150
0
0

1

T

2

3

4

5

6

Input charge (fC)
Fig. 3.42. Simulated average pulse width vs. input charge characteristics for threshold of 1.55 fC.

3.6.5 Novel fit function for extraction of parameters
The time gain At can be extracted from the recorded pulse width vs. input
charge characteristic. At is in fact a derivative of the curve. A commonly used fit
functions is based on linear part and 1/x – type component [3.7]:
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t(]) = y] + u −

a

]-Z

(3.37)

where: a – parameter reflecting At time-to-charge gain, b – offset of characteristic, t –
threshold.
It can be seen from Fig. 3.43b that this function has an asymptotic drop-off at the
threshold voltage which in this case can lead to non-accuracy. Simulation analysis and
experimental results obtained from TOT01 ASIC have led to the empirical leastsquares fit function:

t(sv) = −y ∙ Yzta¤u ∙ (sv − Z\z)¥ + c ∙ y + a ∙ (sv − Z\z) ∙ (sv − Z\z)

(3.38)

where: thr – effective threshold (V), Qi – input charge, a –variable connected with
curve offset, b – parameter connected with transition shape around threshold, c – gain
(ns/fC).
Compared to previously presented function, a proposed one allows extraction
of the gain (At) and effective threshold values (thr) more precisely. This is due to the
fact, that 3.38 takes into account also short discriminator pulses resulting from noise
presence in the signals which are in principle below threshold. The main difference is
the shape of the fit function around the threshold (Fig. 3.43). Proposed expression
uses a complementary error function erfc to reflect the effect of the noise presence at
the CSA output. A Heaviside step function 1(x) adds a linear function beyond the
threshold.
15

pulse length (µs)

pulse length (µs)

15

10

5

0
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c
f(x) = ax + b - x - t

5

0
0

5
10
Thr
input charge (a.u.)

15

a)

0 Thr

5
10
input charge (a.u.)
b)

Fig. 3.43. Comparison of fit functions: a) proposed one, b) commonly used [3.7].
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3.7. Simulation and measurement results
3.7.1 Simulation results – post design analysis
After the ASIC has been designed a set of simulations was performed in order
to evaluate the performance of the final circuit.
The core of the CSA has been characterized. The most important parameters
gain-bandwidth product GBW and open-loop gain are equal respectively 1.2 GHz and
1600 V/V (which results in BW=768 kHz). The phase margin of the CSA circuit is
equal to 79° which should ensure the proper stability. For nominal biasing conditions
(i.e. 500 µA in the input branch of the CSA) input transistor reaches transconductance
of 10.2 mA/V.
The linearity of the circuit was verified by performing simulations resulting in
pulse width vs. input charge for a certain threshold (Fig. 3.44). The curve is linear for
a wide range of input charges. A slight nonlinearity is visible around the threshold
region. A specific feature of this type of ToT processing allows achieving a very high
dynamic range keeping linear pulse width vs. input charge characteristic even when
the CSA amplifier is saturated. This effect is depicted before in Fig. 3.9.
1500

Pulse width (ns)

1250
1000
750
500
250
0
0

2.5

5.0

7.5
10
Input charge Qi (fC)

12.5

15

17.5

Fig. 3.44. Pulse width vs. input charge characteristics.

The simulated equivalent noise charge value for various detector capacitance
and certain setting of discharge current can be expressed by (Fig. 3.45):
ENC(Cdet)=120e- + 20.3 e-/pF

(3.39)
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This means that for a chip without detector attached a noise of approx. 120 e- rms can
be expected. For a target 30 pF detector a noise equal to approx. 730 e- rms is
expected.
800
700

ENC (e-)

600
500
400
300
200
100
0

5

10
15
Detector capacitance (pF)

20

25

30

Fig. 3.45. Simulated equivalent noise charge (ENC) versus detector capacitance characteristic.

3.7.2 Preliminary tests - CSA response observed using a probe station
It is sometimes required during characterization of a new chip to observe or
measure some of the internal signals not available on bonding pads. Designers often
use special small (20 µm) test pads dedicated for probing with a special tungsten
needle probe having point radius in the order of single micrometers (Fig. 3.46). At
a cost of some capacitance introduced by the probe pad it is possible to access
normally not accessible circuit nodes and thus it is a common practice especially for
prototype circuits. The typical passive oscilloscope probes have a capacitance of
about 8 pF up to 16 pF.

a)

b)

Fig. 3.46. a) A tungsten probe needle attached to one of the test pads of TOT01 ASIC. b) A probe
station used for tests.
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After the first ASIC was bonded to the test PCB some preliminary tests were
performed. After setting the biasing potentiometers to nominal values the current
consumption and biasing currents were measured to check for short-circuits and
other unforeseen issues. Obtained values were as predicted - total power
consumption was 33 mW which corresponds to 1.1 mW per single channel. Using the
test pulse injection circuits and the probe station the response of the CSA was tested.
The test was to verify that the DC level at the CSA output is valid and that the charge
sensitive amplifier responds to the stimuli correctly.
The observed result may be different than the expected gain values due to the
fact that passive probes were used which results in a significant capacitive load of the
CSA output buffer. 50 cm of coaxial cable and probe (8 pF) may result in approx:
30 pF load. The definite negative effect will be a limited slew rate of the CSA and
thus for this test the discharge current was set to low value (3 nA). This is the reason
why the pulses are long (few microseconds). This test however was a preliminary
verification of the ASIC before extensive tests in proper conditions are performed.

a)

b)

c)

Fig. 3.47.Preliminary functional tests of the CSA using probe station and test charges injection. a)
CSA output voltage for various input charges, b) CSA output voltage for various discharge currents,
c) TOT01 ASIC under test in the probe station.

Fig. 3.47 presents some of the results. First, the CSA output pulses were
recorded for various input charges ranging from 0.4 fC up to 42 fC. The outcome was
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positive: the pulse width of the output pulses seems to be linear function of the input
charge and the DC level is as expected. It is worth to be noticed that for very large
input charges (e.g. 42 fC) the amplifier starts to saturate. It has an obvious impact on
the pulse amplitude however the pulse width is still proportional to the injected
charge.
The second test included recording the output pulses for various discharge
currents. The current was swept from 3 nA to 4 nA in three steps. The response of the
CSA confirms the expectations (Fig. 3.47b).

3.7.3 Measurement results obtained using threshold scan
The front-end analogue circuit has been characterized using both classical thresholdscan method and observation of the output pulse widths. The details of both methods
are presented in previous subchapters.
Acquisitions have resulted in a pulse amplitude (extracted as s-curve
transition

midpoint)

versus

input

charge

characteristics

(Fig.

3.48).

The

measurements revealed that voltage gain of the CSA is equal to 19 mV/fC (for
Cdet=3 pF) and falls down to 13 mV/fC for detector capacitance of 28 pF.

S-curve transition midpoint (V)

0.3

0.2

0.1

0
2

4

6

8

Input charge (fC)

Fig. 3.48. Gain characteristics obtained using threshold scan.
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3.7.4 Measurement results obtained using ToT observation
The pulse width vs. input charge characteristics (Fig. 3.49) are linear in a wide
range as expected, a slight nonlinearity around the threshold voltage is mainly a
result of noise presence and shape of the CSA output pulse (see chapter 3.6.4)
(Fig. 3.42). The width of a plot is connected with a standard deviation of the pulse
widths (noise). It can be noticed that for the low threshold (below 1 fC) the noise is
higher. This phenomena will be explained later in this chapter.
The measurements were performed for two different settings of discharge current
(discharge current is adjustable) representing arbitrarily called cases of “slow” and
“fast” discharge. The measured gains were equal respectively 401 ns/fC and
91 ns/fC. The rms spread of the time gain was in the order of 7%.
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Fig. 3.49. Examples of acquired pulse width vs. input charge characteristics .

A non-uniformity of a time gain was measured and presented in Fig. 3.50. In

Gain (ns/fC)

this case average gain was equal to 91 ns/fC with an rms spread of 6.3 ns/fC (7%).
100
90
80
70
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50
40
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0

µ=91 ns/fC
σ=6.3 ns/fC

Consecutive channels

Fig. 3.50. Example of the gain spread across the channels for “fast” discharge setting.
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3.7.5 Estimation of the equivalent noise charge
The noise was extracted for three cases representing different detector capacitances:
-

No detector. The ASIC was characterized without any sensor connected to its
input. It can be assumed that the detector capacitance is zero,

-

2 cm long, 300 µm thick, AC-coupled silicon strip detector connected to the
ASIC’s inputs. Its capacitance was equal approximately 3 pF,

-

28 pF detector capacitance is simulated using switchable on-chip capacitances
connected to the CSA input.

The measured ENC values are presented in Fig. 3.51 and in Tab. 3.1.
Tab. 3.1. ENC and SNR summary of TOT01 ASIC for “Fast” setting.

Cdet (pF)

ENC (e- rms)

Gain (mV/fC)

SNR
@ 2fC

0

300

20

42

3

380

19

33

28

750

13

16.6

It can be noticed that in spite of the fact that the ENC is reasonable the gain
value however should be a subject of further improvement. Especially at large
detector capacitances. Chapter 3.7.7 discusses the possible reasons and remedies for
the SNR improvement.
The tests revealed that noise results obtained using classical threshold scan and
derived directly from the pulse width spread and the pulse width gain differ
significantly. Our observations show that the ENC value derived by the threshold
scan is in the order of the simulation results while the ENC value resulting from the
other method is much higher especially for lower thresholds.
The following chapters contain explanation of this phenomena.
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Fig. 3.51. Summary of simulated and measured ENC values for various detector capacitance for
“Fast” configuration.

3.7.6 Explanation of excessive noise phenomena
The possible reason of such result is that the CSA output pulse is not perfectly
triangular but the falling slope gets less steep while reaching the DC level.
Graphical explanation of this phenomena is presented in Fig. 3.52. Three
hypothetical CSA responses are presented:
a) ideal, where the shape is perfectly triangular (the falling slope slope1 has
certain, unchanged value at all times),
b) pulse which slope (slope1) gets less steep (slope2) at the end (reflecting the
nonlinearity of the feedback for low Vds),
c) pulse which assuming the same input charge as the other two keeps the
constant slope (slope2).

The noise of the electronics in the voltage domain Á^ (which is assumed to be

constant) can be translated to the discriminator pulse jitter ÁZ using the following

expression:
ÁZ =

Á^
XWv
XZ

Where

(3.40)

XWv
XZ

is a slope of the voltage pulse around the threshold.
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Fig. 3.52. Possible explanation for excessive noise measured using ToT method for lower thresholds.

This means that the jitter is inversely proportional to the slope. Looking at the
discriminator output pulses for three considered cases it can be concluded that:
-

in ideal cases the time jitter should be proportional to the slope (which
should be constant for the whole pulse),

-

in ideal case the signal to noise ratio defined as the ratio of the pulse width
and the time jitter measured for the same input charge should be the same
(should not be related to the actual slope),

-

the specific case, where the slope gets changed at the pulse end results in
time jitter which is larger than expected one for the actual pulse width. This
also results in a lower signal to noise ratio in this case.

A series of simulations was performed to verify this thesis. Figure 3.53 contains the
results of these simulations. The task of the simulation was to determine how the
jitter of the discriminator output pulse changes with the applied threshold. To make
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the simulations accurate, a transistor-level model of the TOT01 CSA was used to
extract the response to 2 fC input charge with 1 pF detector capacitance. A white
noise with rms value of 0.5 mV was then added to generate 100 representations of
such signal per single measurement point. After the threshold is applied (including
5 mV hysteresis) two values are extracted: average pulse width and standard
deviation of the pulse width. These values are plotted versus. threshold voltage.
Apparently for lower thresholds (higher than 575 mV which represents approx. 1 fC)
the noise increase is observed.
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562

Time (ns)
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578

Std. Dev. Pulse Width (ns)
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Average pulse width (ns)

CSA output voltage (mV)

Simulation:
Input charge: 2fC
Noise: 0.5 mV RMS (156 e-)

586

Threshold (mV)

a)

b)

Fig 3.53. Simulation of CSA output pulse with presence of noise. a) 100 representations of CSA
response for 2fC input charge. b) Average pulse width and its standard deviation vs. threshold
voltage.

The measurements using fast digital oscilloscope seem to confirm this thesis
(Fig. 3.54). The time jitter for lower thresholds is worse than measured for higher
thresholds. On acquired ToT scan plots (Fig. 3.49) it can be seen that for threshold1
case the output pulse width standard deviation is larger than for the other two cases.
This is even more visible when the average pulse width and its standard deviation is
registered for many discriminator thresholds which is presented in Fig. 3.55. One of
the possible solutions for this issue can be to reduce the time when the feedback
transistor operates in linear region (which is the main contributor to the slope
degeneration). It can be done by increasing the voltage gain of the CSA and at the
same time reducing the Vdsat voltage of the feedback current mirror.
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2 fC pulse
10 mV threshold (0.5fC)

σt=86 ns

10 fC pulse
50 mV threshold (2.5fC)

σt=35 ns

σt=19 ns

Fig 3.54. Oscillograms of TOT01 discriminator pulses for various thresholds depicting excessive noise
for lower thresholds.
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Fig 3.55. Measured average pulse width and its spread for various threshold values depicting
excessive noise for lower thresholds.

3.7.7 Design considerations of the CSA with ToT processing for detectors with
large capacitance
The outcome of TOT01 tests lead to the conclusion that the CSA needs
improvement (especially of the core amplifier). In order to keep high SNR in charge
amplification applications it is crucial that all the generated in detector charges are
gathered in the CSA. The feedback capacitance Cfb is multiplied by the CSA core
amplifier gain kv. The resulting capacitance together with the input transistor
capacitance Cin and detector capacitance Cdet is a capacitive divider (Fig. 3.56). Too
small amplifier gain kv and/or too small feedback capacitance Cfb compared to the
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other ones may result in a case where the charge Qin does not completely flows into
the feedback Qfb which causes a gain reduction.
stu = w

wtu(^")∙sv

tu (^")"wv "wXYZ

≈ sv |wtu (^")≫wv"wXYZ

(3.41)

The condition when Cfb(kv+1) >> Cin+Cdet is difficult to be met in situations where
detector has large capacitance (e.g. Cdet=30 pF) and there are significant limits on area
and power of the CSA (e.g. 50 µm pitch and P < 1.5 mW/channel). Moreover it is
favourable to keep high CSA gain (which is inversely proportional to Cfb).
Qfb

Cfb(kv+1)

Qin
Cdet

Cin

Fig. 3.56. Exemplary model for charge flow in the analog front-end.

It is worth to note, that the gain of the amplifier varies with frequency due to
the presence of parasitic capacitances [1.5]. To visualize the problem, a simplified
amplifier will be considered (Fig. 3.57)

RL
Io
Vin

M1

Vout
Co

Fig. 3.57 Simplified amplifier for analysis of gain vs. frequency impact on CSA operation [1.5].

The voltage gain of such amplifier is given by equation:
^ = −

X^Z
X^v

= − X^  ∙ Ë¯ ≡ −{b ∙ Ë¯ = −{b ∙ Ì 
v
( + vw )
Xv

¯

(3.42)

Therefore there is a pole representing a cut-off frequency fc:

ta = cÍ



¯ w

(3.43)

It has an effect on the amplifiers’ response. Fig. 3.58a presents the amplifier’s

gain vs. frequency curve. Two regions are distinguished: low frequency where the
gain is high and determined by the gmRL factor and a high frequency region (above
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cut-off frequency fc) where it is the capacitive component which becomes dominant
and thus the gain drops linearly with logarithm of frequency.

gmR L

Input

log kv
gm
-i ωCo

Vo

Output

t

2π fc =

1
Co RL

Vo
V(t)=Vo(1-e

-t/(RLC o)

)

t

log ω

a)
b)
Fig. 3.58 a) frequency response of the considered amplifier, b) impact of the frequency characteristics
on the time-domain response [1.5].

Fig. 3.58b shows also impact of the RLCo time constant presence in the circuit
on time response of the amplifier. This translates to the approximation of the charge
transferred to the amplifier [1.5]:
s(Z) ≈

sd

w
" X
wv

-

( − Y

Z
v w X

)

(3.44)

Where: Qs – deposited charge, Ci – dynamic input capacitance, Cd – detector
capacitance, RiCd is the input time constant, Ri – input resistance.
From the noise point of view, it was already shown (chapter 3.2.1)
optimization towards low total noise requires that the input transistor capacitance
needs to have a capacitance between 33% and 100% of the detector capacitance
(assuming that Cfb << Cdet).
To meet the presented condition it is necessary to provide a high gain of the
core amplifier and/or larger feedback capacitance (Fig. 3.59). The gain of the core
amplifier is limited by the area and power constraints which can be very tight. The
voltage gain of the CSA is inversely proportional to the feedback capacitance.
Therefore the larger the Cfb the lower is the gain and the Vds voltage of the mirror
transistor gets lower which results in operation in linear region instead of saturation
(Vds<Vdsat). This is a main cause of a problem of non linear pulse width vs. input
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charge characteristic (Fig. 3.60) and increased noise for lower thresholds (as it was
presented before in chapter 3.7.6).
Idisch

MFB

Vdsat

Qin
Cfb1
Cin
-kv

Qdet
Cdet

MFB in saturation
Vdsat
MFB in linear region
Time (ns)

Discharge current

Vds of the FB transistor (mV)

Fig. 3.59 Example of constant current feedback.

Time (ns)

Fig. 3.60 Effect of the feedback current mirror operating in linear region.

To summarize the problems of the charge sensitive amplifier design for large
detector capacitances, the designer should take care of:
-

Large gain of the core amplifier and proper frequency response to provide
sufficiently large input capacitance. This is important for ensuring that all
the deposited charge flows into the amplifier.

-

Low noise of all of the amplification stages.

-

High voltage gain of the CSA and feedback transistors sized to enable its
operation mainly in the saturation region.
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3.8. Summary and conclusions
A brief summary of measurement results and parameters’ extraction of TOT01 chip
is presented in Table 3.2.
Tab. 3.2 – Summary of TOT01 ASIC parameters.

Die parameters
Technology

UMC 180 nm

Die size

(4.8 mm2)

CMOS 1.8V
Number of pads

1.5 mm x 3.2 mm
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Channel pitch / length

50 µm / 940 µm

Number of channels

31

Measured chip performance (selected cases)
Setting: FAST, Cdet=28pF

Setting: FAST, Cdet=3pF

Voltage gain

13 mV/fC

Voltage gain

19 mV/fC

Time gain

91 ns/fC

Time gain

91 ns/fC *

(c.a. 7% spread)

(c.a. 7% spread)
*time gain can be adjusted
using a discharge current

ENCthr.scan

699 e-

ENCthr.scan

380 e-

Power consumption
Total

1.16 mW

CSA

625 µW

Discriminator

200 µW

Trimming DAC

220 µW

Simulated performance of the CSA core (not directly measurable)
Gain

1600 V/V

Bandwidth

770 kHz

GBW

1.2 GHz

Phase margin

79°

TOT01, a 31-channel Time-over-Threshold based prototype readout chip was
designed and fabricated in CMOS 0.18 µm UMC process (mini@sic) and successfully
tested. The main purpose was to verify that the constant-current feedback can be
successfully used in detectors with large capacitances and to identify the possible
problems.
The dedicated test setup including special software and hardware solutions was
built to make it possible to extract the important parameters of the analogue
processing chain (e.g ENC, voltage gain, parameter uniformity, power consumption
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etc.). A study was performed towards sources of errors and non-ideal shapes of the
circuits’ characteristic.
The overall outcome of this experiment is positive:
-

it was possible to obtain a linear transfer characteristic (pulse width vs.
input charge) for very wide dynamic range (even when a core amplifier is
saturated),

-

the bandwidth (and therefore noise) adjustment can be performed without
shaper in the CSA stage,

-

the noise performance measured using threshold scan is optimistic.

However during this research several issues were discovered:
-

it became clear that obtaining high SNR for large detector capacitances
requires high effective input capacitance to minimize charge losses,

-

problem with the feedback operating point for low pulse amplitudes which
results in slight nonlinearity of pulse width vs. input charge characteristics
and considerable effective noise increase for low thresholds.

Two above remarks lead to the following conclusion:
-

Trade-off in sizing of the feedback capacitor and constant-current feedback
mirror transistors due to the impact of a large detector capacitance is
crucial for this design. Very important for minimization of this effect is to
obtain the best possible CSA core amplifier (in terms of GBW allowing to
obtain as high gain as possible while keeping bandwidth in the required
order). High gain of the amplifier grants a high Miller multiplication of the
feedback capacitance and thus reducing the charge losses. This is all in
order to make the feedback current mirror operate in the saturation region
as fast as possible,

-

observed pulse width vs. input charge characteristics forced to develop
a new fitting function for extraction of time gain and threshold.

Discovered issues and elaborated studies of error sources and shape of characteristics
have led to the development of the second prototype ASIC TOT02. Its design and
results will be presented in chapter 4.
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Chapter 4
TOT 02, a prototype Time-over-Threshold based readout chip for long
silicon Strip Detectors
4.1 Motivation
TOT02 is the second evolution of the TOT01 ASIC. During its development the
emphasis was put on improvements of performance and functionality and solving
issues discovered during its characterization. These are in particular:
-

Improvement of effective input capacitance of the CSA mainly by the means
of increasing the core amplifier gain. This will result in better SNR and
reduction of the noise increase effect for low thresholds due to the feedback
operating below the saturation voltage (issue discovered in TOT01 ASIC)

-

Rad-hard layout of the analogue front-end.

-

Integration of the digital back-end enabling digitization of the interaction time
(timestamp) and pulse length. The digitized data will be transmitted using fast
digital interface able to operate with AC-coupled transmission lines.

Fig. 4.1. Layout of TOT02 chip.
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Fig. 4.2. Photograph of a TOT02 ASIC bonded to the test PCB.

4.2 Chip architecture
The ASIC was designed in the 180 nm CMOS process. The die size is 1.5 mm x
1.5 mm (2.25 mm2). In spite of the fact, that the die area is 2 times smaller than in
TOT01 it was possible to place there 16 analogue channels, biasing circuitry and
a digital back-end (Fig. 4.3). The functionality of each channel is to measure the time
of interaction and charge deposited in the silicon detector (and thus determine the
energy of the photon or particle). The diagram of the TOT02 channel is presented on
Fig. 4.4.
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Fig. 4.3. Block diagram of TOT02 chip.
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An ASIC consists of 16 channels comprising of a charge sensitive amplifier
with constant current discharge and discriminator with a 6-bit trimming DAC.
Analogue channels are accompanied by a digital back-end for fast serial interfacing.
The chip has 56 bonding pads:
-

16 pads for detector connection located on one side of the chip

-

10 power supply pads covering 5 power domains (1.2V and 1.8V for CSA,
1.8V for discriminator, 1.8V for semi-digital intermediate circuitry and 1.8V
for digital back-end)

-

6 fast digital interface pads for digital back-end (1.8V LVCMOS standard).
Two sets of clock and synchronous reset signals for two digital domains, test
pulse input for digital back-end and serial data out line.

Fig. 4.4 Overview of a single readout channel.

The analogue channel consists of the CSA with two switchable constantcurrent discharge circuits allowing operation with dual charge polarity (holes and
electrons) (Fig. 4.4). It is therefore compatible with double-sided detectors. The input
charge deposited in the detector or injected artificially using charge injection
capacitor (see chapter 3.4.4) enters the CSA to be integrated on the feedback
capacitor. The constant-current feedback discharges the feedback capacitor which
results in triangular-like voltage steps with a linear pulse width vs. input charge
characteristics. This property allows measurement of the event time and amount of
the deposited or injected charge. The discriminator with a differential threshold
applied generates the digital pulse whose width is proportional to the input charge.
The digital pulse is then processed (stretched by approx. 5 ns and its polarity is
adjusted to be always positive) and passed to the digital back-end. Rising and falling
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edges of the discriminator pulse latch the value of the common Gray-encoded
timestamp counter. The value of the first latch represents the event time while the
difference between those two latches is a pulse width.
Fig. 4.5 presents the layout of a single channel of TOT02 ASIC. Compared to
the layout of TOT01 the channel length is more than 100 µm shorter. This is mainly
due to the fact that test pads were removed and the layout was more optimized to fill
the whole 50 µm wide space.
TOT02 CHANNEL SIZE: 50 µm x 820 µm
CSA

DISCRIMINATOR

TRIMMING DAC

Fig. 4.5. Layout of single channel of TOT02.

4.3 Charge sensitive amplifier
4.3.1 Pre-design studies
Series of simulations has been performed to determine the gain and bandwidth
of the core amplifier which would be suitable for this application. This study is
performed due to the problems with insufficient gain of the core amplifier in the
TOT01 ASIC. To do so a simplified, single-pole amplifier model has been prepared. It
has been parameterized to enable independent control of the open-loop gain and the
bandwidth of the amplifier (Fig. 4.6).
R=1/(6.28E-9*GBW/K)
OUT
IN

+
-

1nF

K

+
-

1

Fig. 4.6. Simplified simulation model of the CSA core amplifier for evaluation of required gain and
bandwidth.
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Analysis using single-pole CSA amplifier model
Kv=500-5000, fg=500k - 2M
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Fig. 4.7 Optimization of the CSA bandwidth and gain (Cdet=30 pF). a) pulse amplitude (which is
gain-related) vs. core amplifiers’ bandwidth for various gains of the core amplifier, b) CSA output
pulses for analyzed combinations of the core amplifiers’ bandwidth and gain.
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Fig. 4.8 Optimization of the CSA gain for BW of 1.3 MHz.
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Some of the simulation results are presented in Fig. 4.7. Response of the CSA
for certain input charges were recorded while changing the core amplifiers’ gain and
the bandwidth. It enabled determination the impact of those parameters on the
system performance. It can be concluded that:
-

Bandwidth affects mainly the peaking time and therefore the noise of the
detector system. It may also limit resolution of interaction time measurement.

-

Gain is important because it is strongly connected with the CSA effective input
capacitance and therefore should be high enough to minimize the charge
losses.
The simulations have led to the conclusion that for this application (30 pF

detector capacitance, noise & speed requirements etc.) the satisfactory gain and
bandwidth of the CSA core amplifier are respectively: at least 5000 V/V and 1.5 MHz.
The criterion was to obtain a voltage gain better than 30 mV/fC for 30 pF detector,
and a peaking time in the order of 100-150 ns which will be projected to the noise
performance of the designed system.

4.3.2 CSA core amplifier
To meet the new gain and bandwidth requirements the CSA core amplifier
has been redesigned. To increase the gain, a boosted folded-cascode amplifier has
been used (Fig. 4.9). Comparing to the TOT01 ASIC, the nominal bias current of the
input transistor has been increased from 500 µA up to 1000 µA. All transistors have
been resized. To prevent the short-channel effects (noise increase) input transistor
has length of 400 nm (instead of minimum 180 nm). As a result of optimization for
low noise (lower than 800 e- for 30pF detector), the width of the input transistor is
equal to 3000 µm. This results in input capacitance of 7 pF and transconductance of
17.8 mA/V.
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Fig. 4.9 Simplified input stages of a) TOT01 and b) TOT02 circuits – transistors’ naming for table 4.1.
Table 4.1 Comparison of TOT01 and TOT02 input stages’ operating points.

Transistor
M1
M2
M4

W/L
(µm)
1900/0.180
50/4
15/4

M1
M2
M4
M5

3000/0.4
200/4
50/4
100 / 0.4

TOT01 input stage operating point
Id
gm
gds
(µA)
(mA/V)
(µA/V)
500
10.2
274
500
1.61
91
19
0.078
0.384
TOT02 input stage operating point
1000
17.8
638
1000
4.6
60
26
0.173
0.285
1000
5.3
188

M1

67
478
382

Vds
(mV)
479
521
689

82
335
242
293

135
529
903
534

Vdd

Vdd
IN

Vdsat
(mV)

M3

Vcurr1
OUT

Vboost

M5
Vcurr2

M2

Vcasc

M4
GND

Fig. 4.10 Schematic of the folded-cascode type input stage of TOT02 for calculations purposes.
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Fig. 4.11 Simplified equivalent circuit of TOT02 input stage.

To analytically calculate the most important equations of this circuit (Fig. 4.10)
a simplified small-signal equivalent circuit was prepared (Fig. 4.11). The difference
between TOT01 and TOT02 core is the presence of M5 transistor. To simplify the
calculations two-transistor circuit (M1, M5) will be separately analyzed. It can be
shown [4.9] that the output resistance Ro1 is equal to:
 = {



XdÎ

+{



Xd

+ {bÎ {



XdÎ {Xd

≈ {bÎ {



XdÎ {Xd

(4.1)

while the transconductance Gm can be expressed as:
Ïb = ^  = {b Ð −
v

v

"{bc



{

" XdÎ
{Xd {Xd

Ñ ≈ {b

(4.2)

where the simplification is valid when {bc {Xd ≫ .

This means that the transconductance of the cascaded stage is approximately the
same, but the output resistance is much higher (the original resistance of M1 {Xd
is multiplied by the resistance of M5 {XdÎ and its transconductance {bÎ ).

When (4.1) and (4.2) are taken into account for analogous calculations as in chapter 3,
the voltage gain can be expressed as:

@ÒÓ
@LÔ

= −E

×

E6Õ E6Ö ∙(E6 "E× )
∙(E×Ö E×Õ "E6Õ E× )"E×Ø ∙(E×Ö E×Õ "E6Õ E× "E6Õ E6 "E6Õ E× )

(4.3)

This results in a gain increase.

Using this approach it was possible to obtain a GBW of 9 GHz (gain: 7000
V/V, bandwidth: 1.3 MHz). The power consumption of the CSA is equal to 1.25 mW
which is slightly larger than 1.16 mW of TOT01 but still meets the power
requirements. To enable more flexible adjustment of the CSA operating point, two
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current references are used separately for the input branch and the other branches.
This also has allowed more suitable sizing of current mirror transistors (since there is
a significant difference between biasing currents).

Fig. 4.12 Schematic of the CSA core amplifier.

4.3.3 Constant-current feedback
One of the main issues related to the TOT01 was the effective noise increase
for low thresholds related to the feedback current mirror operating in linear region
for low output voltage pulses (chapter 3). One of the remedies for this issue is to
increase the voltage gain. This allows obtaining larger voltage pulses for a certain
input charge. It means, that the feedback current mirror would operate in the
saturation region for a wider range of input pulses.
As presented before (chapter 3) in ideal case the voltage gain of the CSA is
defined by the feedback capacitor. However, a large detector capacitance together
with at finite gain of the CSA can limit this gain significantly. This was the case in
TOT01 circuit. The gain of the CSA core amplifier used in TOT02 is significantly
increased and thus the charge losses leading to the voltage gain decrease are
reduced. The feedback capacitor is the same as in TOT01 ASIC (20 fF). As a result,
expected voltage gain is 55 mV/fC (the gain of TOT01 CSA was only 20 mV/fC).
The second remedy for this issue was resizing of transistors in the feedback
current mirror. The aim was to reduce the saturation voltage Vdsat as much as
possible while keeping parasitic capacitances and current mirror parameters in
103

acceptable range. Parametric simulations have led to the W/L equal to 3.67 µm /
1 µm (in TOT01 ASIC these dimensions were: 6 µm / 4 µm).

Fig. 4.13. Feedback of the charge sensitive amplifier.

The transistors were sized while keeping in mind minimization of the
mismatch effects. Performed Monte-Carlo simulations are presented in Fig. 4.11.
More detailed description of the mismatch effects in ToT processing can be found in
chapter 4.7.5.
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Fig. 4.14 Monte-Carlo analysis: a) CSA output pulse, b) amplitude gain.

4.3.4 Total Ionization Dose Effects and Enclosed Layout Transistors (ELT)
The damage caused by ionizing radiation to the semiconductor device is
described by Total Ionization Dose (TID) effects. The incident radiation generates an
electron-hole pair in the device. The generated holes get trapped in the silicon dioxide
(Fig. 4.15). Charge trapping in the gate-oxide is an issue especially for older
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technologies. As a result, the transistor experiences the threshold voltage shift and
increase of the leakage current. This leads to degradation of the device’s parameters
like reduction of transconductance or increase of the Ron resistance. The charges are
being trapped not only in the gate-oxide layers but also elsewhere in the field-oxide
and thus may cause a parasitic current flowing between adjacent devices on a silicon
(Fig. 4.16).
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Fig. 4.15 Charge trapping in oxide layers due to the ionizing radiation.
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Fig. 4.16 TID – induced leakage currents [4.8]

From the analogue circuits’ point of view, the total dose can cause mainly the
following effects [4.1]:
-

Amplifiers: instabilities, shifts in DC bias, GBW, offset and degradation of
noise performance.

105

-

Comparators: variations of precision (effective threshold), sensitivity and
speed.

-

Current mirrors: degradation of mirror’s precision.

-

Switches: reduces speed, input voltage allowed and causes leakage current.

There are several means of reducing the impact of TID on analogue circuits [4.1]:
-

increasing and stabilization of supply voltages and DC biasing currents,

-

design to obtain good phase margin,

-

using differential structures,

-

using dedicated radiation-hard technology,

-

transistors with modified geometry.

For new, deep submicron CMOS technologies where the gate oxides are thinner
than 10 nm (e.g. for UMC 180 nm the oxide thickness is equal to 4.2 nm) effects of the
radiation-induced charge trapping in transistor gates are decreased [4.2]. This is due
to the fact, that thin gate oxide together with thermal annealing allows tunneling and
thus the charge gets neutralized. This means that radiation-induced threshold voltage
fluctuations become less significant even for high doses. As a result, these
technologies are particularly attractive for designing of the ASICs working in harsh
nuclear environment.
Since modern, deep submicron technologies (like the UMC 180 nm process TOT01
and TOT02 ASICs are manufactured with) already can be considered as ones with
intrinsically increased immunity to radiation. However due to the thick field oxide
around transistors there is still an issue of a leakage current at the edges of MOS and
between adjacent devices. Therefore an interesting option for further reduction of TID
impact is using non-standard transistors. There is a scientific effort towards studying
of the transistor layout influence on the radiation hardness [4.3][4.4][4.5]. Some of the
layout structure solutions are presented in Fig. 4.17. The recessed field oxide
transistor has the shallow trench isolation (STI) placed further from the channel to
reduce the edge leakage. In the SBS transistor (square bracket shaped STI) the leakage
current is reduced since the STI is discontinued below the gate. The ELT transistor
(also called: enclosed-gate geometry transistor) do not have edges at all.
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Fig. 4.17 Various layouts of transistors for TID effects reduction [4.3].

guard ring
ELT transistor
Source
Gate
Drain

Fig. 4.18 Example of the ELT NMOS transistors in the TOT02 CSA layout.

The use of ELT transistors puts constraints and causes problems for the
designer especially in analogue parts. First, it limits the minimum W/L ration to
approximately 2.3. This might be a problem for current mirrors with large current
factor. Second, since there is no direct width and length of the transistor so it has to be
extracted or translated. There are several publications in the topic of ELT
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characterization [4.6][4.7]. This knowledge has been used to write scripts for
automated generation of the transistor layout based on a set of parameters.
Taking into account these issues AFE of TOT02 integrated circuit was designed
using enclosed-gate geometry NMOS transistors (Fig. 4.18).

4.3.5 TOT02 CSA layout
The layout of the CSA in TOT02 circuit is organized in a similar way as it was in
TOT01 (Fig. 4.19). The major modifications of the layout other than applying a new
CSA core amplifier structure are:
-

using the ELT layout for NMOS transistors,

-

adding a capacitor for the current reference of the input transistor,

-

removing of the switchable capacitors for emulating of the large detector
capacitance (present in TOT01).

CSA CELL SIZE: 50 µ m x 192 µm

Ctest
IN

feedback 1

Cfb

Min

feedback 2

M1
Mcas

I1
Fig. 4.19 Layout of the CSA cell.
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4.4 Discriminator
The voltage signal at the CSA output is compared with the discriminator
threshold. Due to the fact, that the integrated charge is being discharged by
a constant current, the discriminator pulse width is proportional to the deposited
charge (Time-over-Threshold method). The architecture and layout of the
discriminator stage has been modified compared to the one implemented in TOT01
ASIC. The discriminator and intermediate circuits between the discriminator and
timestamp latches comprise of:
-

Unity-gain differential pair. In this stage trimming for CSA offset spread is
done and a differential threshold is applied. This stage is similar as in TOT01
chip.

-

High-gain stage introducing hysteresis. W/L of the input transistor pair has
been increased by 30% to increase the gain and the cross-coupled load
transistors were resized to reduce the hysteresis to 8 mV.

-

High-gain full swing output stage,

-

Pulse polarity adjustment circuit.

-

Two pulse stretchers preventing from short glitches entering the digital backend.
CSA
+ feedback

Unity-gain
differential pair

High-gain
+ hysteresis

High-gain
full swing

Switchable
Inverter

Pulse
stretchers

To
latches

Thr1
IN

CSA

IN

PS
K=1

REF
D<5:0>

Decoder

A<3:0>

Register

PS
Thr2

Trimming DAC

Fig. 4.20 Overview of discriminator and intermediate structures.

The transistors have been sized to keep the mismatch at the reasonable level.
Monte-Carlo simulation of the first and second discriminator stage is presented on
Fig. 4.21.
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Fig. 4.21. Monte-Carlo analysis of the discriminator stage.

The task of the pulse stretchers is to provide the pulses of minimum width of
3 ns. This is to prevent artifacts occurence in digital back-end resulting from very
short discriminator pulses. Operation of the pulse stretchers is based on charge and
discharge of an R-C system (Fig. 4.22). R and C values are respectively 10 kΩ and
208 fF. Considering also input capacitance of the inverter time constant is equal
approximately to 6 ns. The high level of the incoming pulse discharges immediately
the capacitor C and the output level goes high. When the input pulse ends the
capacitor C gets charged through the R resistor following the exponential curve
defined by the time constant. After the voltage on the capacitor exceeds the certain
voltage level the output voltage goes down. This causes each input pulse to be
stretched by approximately 5 ns.

R

x+5ns

x ns

OUT

IN

C
Fig. 4.22. The structure of a pulse stretcher.

In order to compensate for the CSA offset spread and equalize the effective
threshold a 6-bit DAC has been implemented in every channel.
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Since the ASIC allows operation with both holes and electrons as the input
charges apart from the switchable feedback circuit, the discriminator output pulse
(which is related to the pulse polarity) can be inverted or not. In this way, the pulse
polarity is always the same regardless of the polarity configuration.
The layout of the discriminator stage, compared to the one in TOT01 is more
compact since probe-pads were removed and transistors have been shaped for
a more optimal space usage (Fig. 4.23). As it was said before, all the NMOS
transistors are using enclosed-gate geometry to increase the radiation immunity.

DISCRIMINATOR CELL SIZE: 50µ m x 225µm
pulse
stretcher

stage 3

input stage

high gain stage decoupling
capacitor
+ hysteresis

decoupling
capacitor

pulse
stretcher

pulse
polarity
adjust.

Fig. 4.23. Layout of the discriminator cell.

The same rules apply to the layout of the trimming DAC. Its layout is
presented in Fig. 4.24.

mirror transistors
(common-centroid)

switches

output stage

switches

TRIMMING DAC CELL SIZE: 50µ m x 320µm
6-bit
memory
cell

address
decoder

Fig. 4.24. Layout of the Trimming DAC.

4.5 Digital Back-End
The timestamps of rising and falling slopes of each pulse are registered using
11-bit latches. The value of the first latch represents the event time while the
difference of two latches corresponds to the deposited charge. The common Grayencoded timestamp counter can operate on a separate clock than the rest of the
readout logic to adjust the timestamp resolution to the actual requirements (Fig.
4.25). The registered pulses are being sent through a serial CMOS interface using
token-ring, FIFO and serializer circuits. For the test purposes an external test pulse
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can be applied to trigger an artificial hit in all channels even when analogue part is
powered down.

Fig. 4.25 Structure of the digital back-end.

The circuit has been designed using Faraday digital library and has been
prepared for a maximum clock frequency of 250 MHz. The I/O standard for the
digital interface in this ASIC is 1.8V CMOS.
The 32-bit data frame consists of 4 components (Fig. 4.26):
-

6-bit header “101010”.

-

4-bit address. Binary number of the channel to which the frame is related to.

-

11-bit rising-edge timestamp. Gray-encoded value representing the occurrence
time of the discriminator output pulse rising edge.

-

11-bit falling-edge timestamp. Gray-encoded value representing the
occurrence time of the discriminator output pulse falling edge.

Fig. 4.26. Example of a single TOT02 data frame.

During idle state, the data line is alternating its state (it is in fact clk divided by
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the factor of 16). This is to enable operation with AC-coupled transmission lines
(e.g. to be able to readout double-sided detectors as well, see. Chapter 4.3.1). This,
together with a specific header structure leads to certain frame start interpretation
issue. It is described in details in chapter 4.4.2.
The layout of the digital back-end was automatically generated using Faraday
digital library (after synthesis of the VERILOG HDL source code). This digital cell
was placed on the ASIC die and connected with appropriate nets. To reduce the
interference coupling, the pads related to this fast, digital domain were grouped and
separated from the analogue electronics and other pads by multiple guard ring
structures which are the extension of the guard ring surrounding the whole ASIC
(Fig. 4.27)
Power Pins
Semi-digital Digital
Fast Digital I/F

Output buffer
Decoupling
Digital circuit
(850 µm x 150 µm)

Slow Digital I/F

Octuple guard ring

Fig. 4.27. Layout of TOT02 digital back-end.

4.6 Test environment
The test setup is based on National Instruments hardware (DAQ card) and
other LabVIEW compatible laboratory equipment (fig. 4.28). The measurements are
automated and controlled by a custom application prepared using the LabVIEW
environment.
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Separate, low noise power supplies together with careful grounding and
shielding were used for each power domain to prevent interference coupling.
150 MHz timestamp clock was generated by Spartan 3E FPGA board (Digilent
XC3S500E Development Board). The test pulses are injected to the ASIC’s channels
using remotely controlled arbitrary voltage generator Tektronix AFG3021B and a test
charge injection circuitry (see chapter 3.2.3 for more details). Slow control (trimming
DACs) and data readout (using fast serial interface) is performed using NI USB-6259
DAQ card. The main limitation of this hardware is the maximum speed of the
readout interface. The DAQ card used in this setup allows communication at
maximum speed of 5 MHz. This limit affects especially measurements with high
intensity X-rays and around rice region.

Fig. 4.28 Overview of the test setup.

The ASIC and all the necessary external components are located on the test
printed circuit board (fig. 4.29). This 6-layer, 6.5 cm x 9 cm test board incorporates the
power supply, biasing resistors, ASIC footprint, place for detector, its biasing
circuitry and digital interface using fast logic level converters (1.8V to 3.3V).
Interesting details and design ideas of this and other PCBs for testing the integrated
circuits are presented in Appendix B.
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Detector biasing circuit

Main and auxiliary
power connectors
On-board power supply

Footprint for on-board
detector

Digital interface connector
TOT01 ASIC footprint
Fast level shifters

Connector for external
detector connection

Threshold level connector
Test pulse injection
circuits and connectors
Slow control level shifter
(shift register + dividers)
Biasing circuits

Fig. 4.29 Details of the TOT02 test PCB.

Assembled test PCB including a silicon detector is presented on Fig. 4.30.

a)

b)

Fig. 4.30. a) Footprint of TOT02 ASIC, b) TOT02 test PCB with detector attached.

4.6.1 Biasing of the detector
A silicon detector to operate needs to be properly biased. The biasing voltage
should be high enough to deplete the whole detector volume. This means that the
biasing voltages are often in the range of hundreds of volts. Due to the fact, that
detector is a reverse-polarized diode, its resistance is very high and the sensor is a
capacitive-type. The biasing currents are very small (hundreds of pA – tens of nA).
The measured current pulses can be as small as hundreds of electrons. This all means
that the detector circuit is very sensitive to the induced interference currents and the
biasing of the detector should be carefully designed. The biasing circuit used for
TOT01 ASIC is presented in figure 4.31. It incorporates:
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-

low- noise, high voltage power supply,

-

ferrite beads for rejection of high frequency interference currents that might
have been induced on the connection cables,

-

common mode choke for rejection of common-mode currents,

-

double R-C filter with high-voltage ceramic capacitors (resistors are in the
order of Megaohms, while capacitors are in the order of hundreds of nF which
results in time constants in the range of single seconds).

Rbias

Cp-m

Fig. 4.31. Detector biasing circuit used in TOT01 and TOT02 test PCBs.

Let us consider first possible connection scheme of a single-sided detector
and the readout AFE without using system ground potential (Fig. 4.32). The biasing
and power supply voltages are marked. The galvanic connection between detector
biasing and integrated circuit power supply is made through the Vddm voltage. The
voltage across coupling capacitor (present in AC-coupled detectors) cannot be large
due to the low breakdown voltage of Cp-m capacitor integrated in the detector
structure. Such situation would occur if the readout circuit would be referenced to
the other detector biasing voltage.
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Rbias

Cp-m

Fig. 4.32. Readout of single-sided detector.

High biasing voltage is a serious issue for readout of double-sided silicon
detectors because two readout circuits are required (Fig. 4.33). Two different ways of
connecting readout ASICs can be considered:
-

both readout circuits share common ground and are referenced to one of the
biasing voltages of the detector. In this case, a full biasing voltage occurs
across one of the coupling capacitors leading to excessive noise, leakage
current and often break-down.

-

Both readout circuits have separated grounds and are connected to the
opposite sides of the detector biasing (this case is presented on figure). This
approach is safe for the coupling capacitances but causes another problem.
Data readout from these circuits is difficult due to the common-mode voltage
(full detector bias). This forces using AC-coupled transmission lines or fiberoptic transmission.
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Rbias

Cp-m

Cp-m

Rbias

Fig. 4.33. Readout of the double-sided detectors.
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4.7 Test results
4.7.1 Functional tests
The first step in testing the ASICs was to verify their basic functionality and
check the power consumption measured for nominal bias currents.
The power consumption is as expected and the biasing resistors of predicted
value resulted in expected biasing currents. The ASIC has the power consumption
equal to 2.1 mW/channel (where CSA: 1.25 mW, discriminator + trimming DAC:
530 µW).
The digital interface was tested up to 150 MHz (timestamp clock domain) and
5 MHz (readout clock) due to the limitations of the setup. The timestamp clock is
generated externally (off the test board) using the Spartan 3E FPGA board and fed to
the ASIC through fast level converters. The readout is performed using a regular
data acquisition card (Fig. 4.28). A certain issue related to the digital interface was
however discovered. Its details are presented further in this chapter.
After the digital interface was verified to be fully functional it became possible
to check that slow control for loading the trimming DACs works as well.

a)
b)
Fig. 4.34. Functional test of the digital interface: a) single frame, b) frame train from all 16 channels.
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4.7.2 Problem with digital interface of TOT02 – sources and possible remedies
The digital interface was designed to be able to operate also with ac-coupled
transmission lines. Therefore the data line should alternate its state even when no
data is being transmitted. TOT02 interface in idle state produces a waveform which is
a clock divided by 16. Whenever an event is detected and measured the data frame is
transmitted.
During tests an issue has been discovered. Depending on the moment the data
frame is transmitted in relation with clk/16 it is possible that a frame (a header)
location can be not correctly determined. Such a situation is presented in figure 4.36.
When a first falling edge of “101010” header occurs one cycle after the falling edge of
clk/16 signal the interpreted beginning of the frame will be shifted by 1 clock cycle
earlier than it actually occurred. This leads to a faulty interpretation of the whole
frame and as a result to “ghost / fake” hits with random timestamp and pulse width.
It is very difficult to identify and fix such an error, especially when data
frames are transmitted very often (almost one after another). Several methods of
reducing the impact of fake hits have been tried out:
1. In case of acquisitions with a voltage step generator, where only pulses of
certain amplitudes are injected, the certain pulse widths can be expected.
Therefore searching for hits with unexpected length can be done. When
a pulse width in a single data packet exceeds certain multiplicity of the
standard deviation of the pulse widths in this packet a hit can be rejected. This
method however, may not be used for acquisitions with X-rays or in the
presence of noise hits.
2. In cases where several full clk/16 cycles could be recorded (which may be
difficult when interface occupancy is high e.g. for X-ray acquisitions), tracing
of the clk/16 signal can be done. This method would allow foreseeing the
clk/16 transitions and thus identify the problematic frames and possibly reject
them or identify a true position of the frame header. The feasible
implementation of this method would be an FPGA-based system working at
all times, being synchronized to the clk/16 signal at the startup and
continuously monitoring the incoming bitstream (Fig. 4.35). The FPGA could
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generate an additional Frame_begin signal at the beginning of the correctly
identified frames to reduce the computing requirements of the PC.
3. Rejection of any events identified as channels 8-11. Observations and analysis
of this phenomenon have led to the conclusion that if the misinterpretation
occurs, it affects only channels with numbers 8, 9, 10 and 11 (they all have
binary value of “10xx”). At the cost of loosing information from four channels
it is possible to get rid of all of the fake hits and thus make the measurements
trustworthy.
4. Redesign of the digital interface. By changing the header structure from
“101010” to e.g. “101110” such misinterpretation would never occur. This
requires however a fabrication of new ASIC prototype.
For the test purposes method 3 has been used. It is both simple and effective
(it does not have the applicability restrictions as other methods). However, in the
next prototype the digital interface will be redesigned.
CLK
PC
USB
(LabVIEW)

DAQ
card

DATA
FRAME
CLK

Fig. 4.35. Proposal of the frame recovery structure.
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FPGA

DATA

ASIC

Fig. 4.36. Details of the TOT02 test PCB.
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4.7.3 Tests with the pulse generator
A series of measurements has been performed using injected test charges. An
arbitrary generator with a trapezoidal signal shape (18 ns rising edge and 200 µs
falling edge) was used. The voltage step was applied through a resistor divider (1:24)
and 100 fF on-chip injection capacitors to the CSA inputs (chapter 3). The pulses can
be injected either to even or to odd channels.
Using the same tests and parameter extraction methodologies as were used in
TOT01, TOT02 ASIC was characterized (see chapter 3.4.5). Both methods for gain and
noise extraction have been used. For the first tests no detector was connected. As it
will be shown later, the chip was also characterized for higher detector capacitances.
Before acquisition, channels have been trimmed to the energy of 1.1 fC. Using
trimming DACs channels were adjusted in such a way that the s-curve transition
midpoint for an input charge of 1.1 fC occurs for the same threshold in all channels.
In this way, in close neighborhood of 1.1 fC region all the error sources related to the
mismatch were compensated. The DC offset spread before trimming was in the order
of KÙÚÛ = 5.77 ;J (654 I−) and it was possible to reduce it achieving spread lower
than KÙÚÛ = 0.33 ;J (37.4 I−) (Fig. 4.38).

Example of the characteristic acquired using threshold-scan is presented in

Fig. 4.37.

Fig. 4.37. Example of characteristics obtained with threshold scan after offset trimming for 1.1 fC.
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Fig. 4.38. Example of TOT02 channel trimming for 1.1 fC. a) s-curves before trimming, b) s-curves
after trimming.

On this basis it was possible to extract the gain characteristics (s-curve
transition midpoint vs. input charge). An example is presented in Fig. 4.38. This
characteristic is linear in the range of interest (up to 16 fC) {INL = 4mV}. By design,
the amplitude saturation of the CSA core would occur around 10 fC but as explained
in chapter 3 it does not influence the proper operation of the ToT processing. The
dynamic range is therefore unlimited by the properties of the processing chain,
however it can be restricted by additional requirements like: maximum input pulse
rate, maximum dead time etc.

Fig. 4.39 Example of gain characteristics acquired using threshold scan.
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The gain of various ASIC channels is determined by the slope of a linear
function fit to the measurement points using the least-squares method. The average
gain is equal to 55 mV/fC with a spread of KÝ =0.36 mV/fC. This is below 1%.

The average pulse width vs. input charge characteristic acquired for various

discriminator thresholds is a result of a second approach for parameters’ extraction is
presented in Fig. 4.39 (see chapter 3.4.5 ). The average time gain in this case is equal
to 216 ns/fC.

Fig. 4.40 Example of pulse width vs. input charge acquired for various thresholds.

One of the most important parameters to be extracted is the noise. The noise
performance was measured for several cases:
-

No detector connected (Cdet=0 pF) allowed to estimate the noise of the frontend electronics only.

-

2 cm long silicon strip detector (Cdet≈3 pF) was used due to the lack of
availability of longer detectors.

-

2cm long silicon strip detector (Cdet≈3 pF) together with external capacitors
was used to emulate larger detector capacitances (6 pF and 11 pF)
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Table 4.2 contains a summary of the TOT02 noise measurements with respect to
TOT01 ASIC. An improvement of gain, ENC and SNR is clearly visible.

Tab. 4.2 Noise and SNR estimation of TOT02 and TOT01 ASICs.

Cdet (pF)
0 (no detector)
3 (Si detector)
6 (Si det + ext.

ENC (e- rms)
TOT01
TOT02
300
153
380
188
399
329

Gain (mV/fC)
TOT01
TOT02
20
55
19
55
18
54
(interp)

capacitor)

(interp)

11 (Si det + ext.

490

capacitor)

(interp)

442

18

54

SNR @ 2fC
TOT01
42
33
31

TOT02
78
62
38

25

27

(interp)

Fig. 4.41 depicts the voltage gains of TOT01 and TOT02 for various detector
capacitances. It can be concluded that compared to TOT01, a new prototype ASIC
has:
-

improved voltage gain by a factor of 2.75,

-

lower gain degradation for larger detector capacitance by a factor of 0.56
(15.4% instead of 35%).
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Voltage gain (mV/fC)

15.4%
40

20
34%
TOT02
TOT01
0
0

10

20
Input capacitance (pF)

Fig. 4.41 Voltage gain vs. input capacitance.
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30

4.7.4 Timestamping functionality in TOT02 architecture
TOT02 offers a functionality of event time registration. It is particularly useful
in High-Energy Physics experiments, where knowledge about the time delay
between a beam-beam or a beam-target collision and the actual interaction of
a particle with the detector is very important. The data frame of TOT02 (see 4.5)
contains two 11-bit timestamp values. They represent the rising and falling edges of
discriminator output pulses as the latched values of the Gray-encoded counter
common to the whole ASIC. The timestamp of the rising edge is related to the
photon/particle – detector interaction time. To make the number meaningful, the
timestamp counter has to be reset in an appropriate moment (usually related to the
collision moment).
Due to the fact that the analogue front-end of TOT02 ASIC is optimized for
low noise, the peaking time of the CSA output pulse is in the order of 100 ns.
Therefore the time-walk cannot be neglected. The time walk is a dependence of the
timestamp value on the input charge and causes a systematic error in event
timestamping. Moreover, the noise is a limiting factor of the time measurement
resolution and adds a random error in event timestamping (Fig. 4.42).

CSA output voltage (mV)

timestamp jitter
600
threshold
560

520
time walk

480
0

100

200

Time (ns)

Fig. 4.42. Explanation of a time-walk and jitter of a timestamp for various input charges.

The simulations were performed to determine the correlation of the time-walk and
the input charge (Fig. 4.43)
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40
25
20
15
threshold

time-walk (ns)

30

10
5
0
0

5

10
input charge (fC)

15

Fig. 4.43. Simulations of a time-walk vs. input charge.

It can be noticed that the time-walk exponentially grows close to the threshold
voltage and can be considered to be in the order of 0-40 ns. The charge measurement
ability can be used to compensate for it using an off-line processing and a Look-Up
Table. Assuming a noiseless system and that energy can be measured with an LSB of
1 fC, the timestamp measurement systematic error caused by a time-walk for charges
larger than 2 fC can be reduced down to the order of 5 ns.
The influence of the voltage noise at the CSA output on the random error of
timestamping can be estimated (Fig. 4.44). The timestamp jitter σt is directly
proportional to the voltage noise σt and inversely proportional to the pulses’ rising
slope dV/dt around the threshold. For example, assuming an rms noise of 3 mV, the
slope of 0.6 mV/ns, a jitter of 5 ns rms can be expected. The slope varies with an
input charge especially for low charges around threshold however slopes within
order of 0.3-0.6 mV/ns can be expected.
The measurements confirm this statement. The limitations of the test setup
allowed measurements of the timestamp jitter with a resolution up to 10 ns. The
results lead to the conclusions that the time jitter is much smaller than 10 ns for 2 fC
input charge at the threshold level of 0.8 fC.
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CSA output voltage

σt = σv / dV
dt
dV
dt
threshold

σv

σt

Time

Fig. 4.44. Translation of the voltage noise at the CSA output to the jitter of the timestamp.

4.7.5 Error sources and correction in TOT02
The parameter nonuniformity is an issue for every multichannel design. There
are three main contributors to the parameter spread in the TOT02 ASIC (Fig. 4.45):
- DC offset spread causing an effective discriminator threshold spread between
channels (has effects for both amplitude and time domain measurements),
- feedback capacitor Cfb mismatch causing the voltage gain error observed mainly in
amplitude domain measurements. This is due to the fact that the voltage gain is
directly related to the feedback capacitance. However despite the capacitor
variations, the whole charge still is aggregated. Therefore discharge time (assuming
no variations of a discharge current) will not be affected.
- discharge current spread caused by the mismatch between transistors in current
mirrors of the circuit. It appears as an additional gain error source but is observed
only in the time domain.

Fig. 4.45. Effects of mismatch in TOT processing.
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The typical method for compensation of the nonuniformity effects in the
integrated circuits for X-ray applications is to use the trimming DACs to minimize
the spread at the input of discriminator for certain energy of the X-ray photons. In
energy measurement solutions, the mismatch effects will be still visible for energies
different than corrected for with trimming DACs and can be compensated using an
off-line trimming.
Mismatch of TOT02 ASIC can be compensated in two steps (Fig. 4.46). First,
using trimming DACs the DC offset spread and partially other error sources in the
expected threshold value (e.g. 0.9 fC) can be compensated. This allows setting the
threshold as low as possible without noise counts. Then, application of look-up table
in digital domain off-line can correct for other gain error sources (mainly Idisch
mismatch).

Fig. 4.46. Error sources and possible compensation methods.
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4.8 Summary and conclusions
Based on the lessons learnt from the first prototype, TOT02 - a second
evolution of a Time-over-Threshold based integrated circuit for readout of the
semiconductor detectors with large capacitance enabling simultaneous interaction
time and charge measurement has been successfully manufactured and tested. Table
4.3 presents the summary of measurement results.
Tab. 4.3 Summary of TOT02 ASIC parameters

Die parameters
Technology

UMC 180 nm

Die size

1.5 mm x 1.5 mm
2.25 mm2

CMOS
Number of pads

56 / 16

Channel pitch / length

50 µm / 820 µm

/ channels
Measured chip performance
No detector (Cdet=0 pF), ASIC#1

2 cm detector (Cdet=3 pF), ASIC#2

Voltage gain

Voltage gain

Time gain

ENCthr.scan
ENCtot.scan
CSA


Þ =55 mV/fC

KÝ =0.36 mV/fC
} =216 ns/fC
Þ

Time gain

153 e-

ENCthr.scan

KÝ} =7.54 ns/fC


Þ =54.7 mV/fC

KÝ =0.64 mV/fC
} =198 ns/fC
Þ

KÝ} =8.97 ns/fC

188 e-

223 eENCtot.scan
274 eMeasured static power consumption
1.25 mW

Discriminator + DAC 530 µW

Semi-digital back-end

330 µW

Total (w/o digital back-end)

2.1 mW/channel

Simulated performance of the CSA core (not directly measurable)
Gain

7000 V/V

GBW

9 GHz

Bandwidth

1.3 MHz

The modifications made to the ASIC compared to the first prototype ASIC
TOT01 [chapter 3] have resulted in following improvements of architecture:
•

improved noise performance (ENC and SNR), lower gain degradation for
higher detector capacitances and improved linearity by the means of:
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-

improved CSA core using boosted folded-cascode (higher gain and
GBW),

-

improved constant current feedback (more linear at low charges),

-

-reoptimized input transistor size for 30 pF detector capacitance
(increased length to avoid short channel effect),

•

digital back-end was added (using Faraday digital library) enabling
digitization of the timestamp and discriminator pulse width and data transfer
through fast serial interface,

•

rad-hard layout of the analogue part (enclosed gate geometry of NMOS
transistors) to enable operation in the presence of radiation,

•

reduced readout channel length (from 940 µm to 820 µm) resulting in more
compact design.
Moreover, the error sources resulting from mismatch in TOT processing of this

type has been analyzed and the compensation methods were proposed. The
modifications above improved the noise performance and linearity of the ASIC and
thus made it suitable for the possible target application in the Silicon Tracking System
at the CBM experiment.
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Chapter 5
Summary and conclusions
The main topic of this thesis was a research towards obtaining a low-power,
low-noise solution for charge measurement and possibility of timestamping which
would be suitable for detectors with large capacitance and which could be
implemented in multichannel integrated circuits with a small channel pitch. The
research was concentrated around the application of the Time-over-Threshold
processing as a good candidate for the low-power charge measurement solution.
Meeting all of those requirements is a design challenge reflected in a lack of existing
solution in this area.
TOT01, a first prototype integrated circuit was designed and tested to prove
the concept ToT-based processing chain application for silicon detectors to enable
low power solution for charge measurement with linear transfer characteristic. The
outcome of this experiment was positive, however several issues and phenomena
were discovered during this project.
The second step in the research work was to develop a second prototype ASIC
(TOT02) based on the lessons learnt from the previous prototype. Improved analog
front-end and more complete back-end resulted in IC which meets the requirements
stated above.
The research work has resulted in several achievements:
-

a

low-power

circuit

solution

was

developed

and

implemented

in

a multichannel IC enabling measurement of charge generated in silicon strip
detectors with large detector capacitance with a possibility of timestamping
and ready to operate in a harsh radiation environment.
-

key design issues regarding operation of ToT processing with large detector
capacitances were identified, pointed out, explained and solved. In particular
by careful design of the core amplifier.

-

important aspects of time-amplitude characteristics were remarked:
o phenomena of noise and threshold level co-relation was presented and
cleared up,
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o origins of non-ideal shape of the characteristics’ were explained,
o novel fit function was proposed for improved extraction of the circuit’s
parameters from pulse width vs. input charge characteristics.
Achievements and outcomes of this work are an important input to the
knowledge in the area of capacitive detectors’ readout (not limited only to silicon
radiation detectors). Several issues related to shaper-less Time-over-Threshold
processing for applications with larger sensor capacitances (more than several pF) as
a low-power, moderate-resolution solution have been identified.
This work is also an important contribution to the research towards
development of a Silicon Tracking System at the CBM experiment at FAIR as it was
one of the considered architectures of the readout ASIC. Moreover, study of the
impact

of

series

resistance

and

distributed

capacitance

of

detector

and

interconnection cable on the overall noise performance of the detector system helped
to select the design parameters for this experiment (Appendix A).
The results of the studies connected with this work were published worldwide
and presented on major international conferences. Some of them are listed below:
a) journal papers:
Journal of Instrumentation [5.1], SPIE [5.2], others [5.3][5.4][5.5][5.7],
b) conference papers / proceedings / reports:
Nuclear Science Symposium [5.8], International Workshop on Radiation
Imaging Detectors [5.9], others [5.10][5.11][5.12][5.13][5.14][5.15][5.16],
c) unpublished conference presentations:
CBM Collaboration Meetings or CBM FEE/DAQ Workshops
[5.17][5.18][5.19][5.20][5.21].
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Future plans
The research presented in this thesis encouraged for further studies and
implementations of the ToT processing method. One of the considered novel ideas
which can solve some more issues is a hybrid CSA amplifier consisting of two
cascaded charge sensitive amplifiers coupled to each other by a capacitance. The first
CSA can be optimized for low charge losses at high detector capacitance while the
second one can implement constant-current discharge while operating with very
small capacitance at its input. Such an approach would lose the ability of infinite
dynamic range but might result in better noise performance and better linearity of
transfer characteristics. Another idea which would allow to reduce the dead time for
high-energy artifact events is using a dual-slope discharge triggered by the elapsed
pulse width.
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Appendix A
Study of the influence of series resistance and capacitance of cables and
silicon strip detectors on the noise performance of the detector system.
A.1 Architecture of detector and kapton cable
As presented in chapter 1, a silicon strip detector is a series of reverse biased
diodes built on a common bulk. The anodes are p+ dopped areas (diffused) shaped
as narrow (20-100 µm) strips with a length equal to the length of a detector. It is
possible to obtain a 1 dimensional or 2 dimensional for double sided detector
position sensitive X-ray or particle imaging.
Detectors often are AC coupled to a readout electronics to prevent from
a leakage current flowing into the CSA. The coupling capacitors Cp-m are formed as
metal strips located above the dopped anodes and spaced with an oxide insulator.
The detector structure has intrinsic parasitic capacitances and resistances. Figure A.1
presents a cross section of an AC coupled n-type strip detector with parasitic
capacitances marked. Each strip has some capacitance to ground Cp-b

and

capacitance to the neighbor strips Cp-p. Each metal strip has analogous capacitance to
the diffusion strip Cp-m and to neighbors Cm-m. Each of the metal strips has some
series resistance Rsm however the most significant one is the metal strip resistance
Rsm.
Cm-m

Cm-m

...

Cp-m

Cp-m

Cp-p

Cp-m

...

Cp-p

Cp-b

Cp-b

n+

aluminum

n-type bulk

oxide

p+ strip

parasitic capacitances

Cp-b

Fig. A.1 Cross section of an AC-coupled silicon strip detector.

In the CBM experiment the detector strips will be connected to the readout
electronics through special cables (Fig. A.2).
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particle or
photon

analogue
voltage pulse

current
pulse

digital
voltage pulse

cable
CSA
...

detector
Fig. A.2 Overview of the signal path from a detector to the readout electronics.

The cable for the CBM experiment will be a custom-designed multilayer strip
cable with a kapton insulator. Figure A.3 presents its cross section. It has two signal
layers and one common wide ground plane. The path material can be either Al or
Cu. The signal layers are separated by thick layers of kapton (DuPont).
Similar to the strip detector, a kapton cable has some parasitic. The most
important ones are marked on figure A.3.

C1-1

n-2

...

C1-1

n

...

C1-2
C2-2

C2-2

n-3

layer 1

n+2

C1-2

n-1

n+1

C2-g C1-g

n+3

layer 2

C2-g

shield and ground

gnd

polyimide

parasitic capacitances

metal path

kapton spacer

Fig. A.3 Cross section of the kapton cable for the CBM.

The objective of this study is to evaluate the impact of the parasitic resistances
and capacitances of both detector and cable on the performance of the detector
system in order to help determining the optimal design parameters.
To evaluate the noise performance of the detector system, a model of the
readout electronics is necessary. For this study, a model of TOT01 front-end amplifier
was used. It uses original libraries of the foundry where the circuit was
manufactured which guaranties the best approximation of the circuit’s behavior.
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Before the actual optimization is performed, the performance of several
elaborated detector and cable models will be evaluated. Presented models omit the
impact of the paths’ inductances. This is due to the fact, that a wire of width in the
order of micrometers and length of several centimeters has the inductance in the
range of tens of nH, which can be neglected comparing to the series resistances
resulting from these narrow paths.

A.2 Detector models
Several simulation models of a detector have been elaborated: simple lumped,
simple distributed and complex distributed. They differ in complexity and coverage
of special architecture of detector.
Simple lumped detector model is constructed from a biasing resistor Rbias
(usually it has a value of several megaohms), metal strip resistance Rsm (total metal
strip resistance) and two capacitors representing strip-bulk and strip-metal
capacitances (Fig. A.5). The parallel capacitor value is equal to the mutual strip-bulk
capacitance and strip-strip capacitance to the adjacent strips. This model however
neglects series resistance of diffusion strip and spatial architecture of the detector
(both in transverse and longitudinal axes).
Cp-m * L

Rsm * L
to readout electronics

Rbias
(Cp-b +2*C p-p) * L

Det_gnd

Det_bias Det_bias

Fig. A.5 Simple lumped model of the detector.

Simple distributed model completes the representation by the longitudinal
spatial architecture and includes the series diffusion strip resistance Rsp (Fig. A.6).
The distributed model used in these simulations has used D=100 sections.
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Rsm * L/D

Rsm * L/D
to readout electronics

Cp-m * L/D

Cp-m * L/D

Rsp+ * L/D
D

Rsp+ * L/D

k

k-1

0

Rbias

(Cp-b+2*C p-p) * L/D
Det_bias
Det_gnd

(Cp-b+2*C p-p) * L/D
Det_bias

Det_bias

Fig. A.6 Simple distributed model of the detector.
To readout electronics
Rsm*L/D

Rsm*L/D

Rsm*L/D

Cm-m*L/D

Cm-m*L/D

metal strip ->

Cm-p
diffusion strip ->

Cm-p

Rsp*L/D

Cp-p*L/D

n+1;
k

n+1;
D

Rsp*L/D
n+1;
k

Cp-b*L/D

n+1;
D

Det_bias

Det_gnd

Cp-p*L/D

n+1;
k

(Cp-b+C p-p)*L/D

Rbias

Cm-p

Rsp*L/D

(Cp-b+C p-p)*L/D

n+1;
D

Det_bias

Rbias

Det_bias

Rbias

Det_gnd

Det_gnd

Fig. A.7 Complex distributed model of the detector.

Presented simple lumped model and simple distributed model still do not
reflect well the transverse architecture of the detector. Figure A.7 presents the
complex distributed model of the detector. Apart from the main, analyzed channel it
contains two adjacent channels also represented by distributed models.
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A.3 Kapton cable models
Since cable has a similar construction to the strip detector, the simulation
models could have been prepared in analogous way. In this case three models have
been elaborated as well.
The simple cable model can be prepared using two components: a resistor
representing total cable resistance and a capacitor including the impact of parasitic
capacitance of the signal path to the ground C2-G, to the neighbors C2-2 and to the
path on adjacent layer C1-2 (Fig. A.8). This simple model however does not cover
neither longitudinal nor transverse architecture of the cable.
The longitudinal structure is reflected in a simple distributed model (Fig. A.9).
RS * L
to readout electronics

n

C 2-G * L
+

2* C 2-2 * L
+

2*C 1-2 * L
Fig. A.8 Simple lumped model of the cable (Example for signal layer 2).

RS * L/D
D

k

RS * L/D
k-1

C2-G * L/D

+
2* C2-2 * L/D
+
2* C1-2 * L/D

0

to readout electronics

C2-G * L/D
+

2* C2-2

* L/D
+
2* C1-2 * L/D

Fig. A.9 Simple distributed model of the cable (Example for signal layer 2).

The complex, distributed model of the kapton cable completes the model by
transverse architecture. Apart from main, measured channel it contains two
neighbors from the same signal layer and two neighbors from opposite signal layer
together with parasitic capacitances between all of them (Fig. A.10).

140

To readout electronics
n;
0

n-2;
0
n-1;
0

RS*L/D
n;k

n+2;k

/D
RS
*L

-2
*

C1

C1

C2-2*L/D
n+1;k

C1

-g

*L

/D

(C2 -g+C2 -2)*L/D

n-1;k

(C2 -g+C2 -2)*L/D

D
*L/

-2
*

L/

L/ D
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*L

/D
*L

-2

(C 1-g+C1 -1+C1 -2)*L/D

-2

/D

C1

C1

D

n-2;k

Layer 2

RS*L/D

C1-1*L/D

C1-1*L/D
Layer 1

n-1;
0

(C 1-g+C1 -1+C1 -2)*L/D

RS*L/D

n+2;
0

n-1;
D

n-1;
D
n;
D

n-2;
D

n+2;
D

To detector

Fig. A.10 Complex distributed model of the cable.

A.4 Simulation results – detector models
The aim of this simulation was to determine, which of the models offers the best
precision vs. complexity factor. Complex models include more details but due to the
higher complexity they increase the simulation time. The simulations using three
different models for various detector lengths (1 – 20 cm) were performed. The model
parameters used are gathered in table 2 and named “detector 2” variant.
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Simple, lumped
Simple, distributed
Complex, distributed

ENC (e- rms)

1500
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Detector length (cm)
Fig. A.11 Equivalent noise charge (ENC) of the detector readout system vs. detector length for various
detector models.

Figure A.11 presents the equivalent noise charge (ENC) of the detector system
versus the detector length for various detector models. The outcome is that the
simple lumped model simplifies the detector structure too much. The noise results
are very pessimistic and thus should not be used in further studies in this case. The
reason for this is that due to the longitudinal architecture of the detector, the noise is
filtered by consecutive distributed R-C stages.
To clarify the result, the noise contribution from a single resistor on the charge
sensitive amplifier is given by [2]:
 e ⋅ Ct  k ⋅ T ⋅ Rsm

ENCRsm _ lumped = 
2 ⋅ Tp
 q 

(A.1)

where: Ct – total capacitance, Tp – peaking time, Tsm – series resistance, k – Boltzmann
constant, T – temperature, q – elementary charge, e – base of the natural logarithm.
For distributed model however, the equivalent impedance seen from the charge
amplifier input is given by [1]:

Z eq =

1
s

R1
1
coth(l R1C1 s ) =
C1
s

Rt
coth( Rt Ct s )
Ct
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(A.2)

where: l – total detector length, R1, C1 – resistance and capacitance per length unit,
Rt,=l R1, Ct = l Ct – total resistance and capacitance.
Substituting s=jω, equivalent resistance and capacitance are given by:
C eq =

2 ⋅ C t cosh x − cos x
x x sinh x + sin x

Req =

Rt sinh x + sin x
x x cosh x − cos x

where: x = 2ωRt Ct

(A.3)

(A.4)

.

(A.5)

The Taylor series expansion of this function (assuming that x ∈ 0.1,1 ) is
given by:
R eq ≈

Rt
3

(A.6)

C eq ≈ C t

(A.7)
Finally an expression for noise contribution from the series resistance in

distributed model can be elaborated:

 e ⋅ Ct
ENC Rsm _ distr = 
 q

 k ⋅ T ⋅ Rsm

6 ⋅ Tp


(A.8)

Comparing expression ENC Rsm _ distr (A.8) and ENC Rsm _ lumped (A.1) it can be stated
that noise contribution from a series resistance in the distributed model is smaller by
a factor of 1

3

that can be expected from a total series resistance.

The simulation results seem to confirm this conclusion. This means that simple,
lumped model due to its simplicity is more pessimistic from the noise point of view
and therefore should not be used for evaluation of the system performance. The
results obtained using complex distributed model are similar to the simple
distributed one (~5-10% lower noise). This means that in principle both models could
be used for further studies. Complex distributed model at the cost of higher
complexity (longer simulation time) allows measurement of the cross-talks between
detector strips.
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A.5 Simulation results – cable models
Analogously, also cable models have been evaluated. The simulations of
detector-cable-readout electronics system were performed using three different cable
models for various cable lengths while keeping the same, short, 0.5 cm detector
model (simple distributed). The cable length was swept from 1 to 50 cm. The cable
model parameters were taken from tab. A.1 for copper cable.
The results of simulations are presented on Fig. A.12. Similar to the detector
models, the noise varies for various cable models. It can be concluded that simple
lumped R-C model is more pessimistic. In this case, the difference between complex
distributed and simple distributed model is more visible. Therefore for further
studies complex distributed model of the cable will be used.
Simple, lumped
Simple, distributed

1200

ENC (e- rms)

Complex, distributed

800

400

0
0

10

20

30

40

50

Cable length (cm)
Fig. A.12 Equivalent noise charge (ENC) of the detector readout system vs. cable length for various
cable models.
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A.6 Simulation results – evaluation of the system configuration impact on the
noise performance
The objective of this simulation was to evaluate the impact of the detector and
kapton cable design variables on the noise performance and to select the best
combination. Together with physicists from GSI several fabrication variants of cable
and detectors were prepared. The analysis was divided into two main cases
representing the possible corner situations in the STS detector assembly (Fig. 1.11 in
chapter 1):
- Case 1: short, 2 cm detector and long 50 cm cable.
- Case 2: three 3 cm detectors and short 5 cm cable.
The active area of the STS detector station is constructed of many silicon
sensors. Depending on the location on the STS station circle the single detector strip
might be constructed of one or several sensor dies connected in series and will be
connected with the readout electronics (located on the perimeter of the detector
circle) using kapton cable which length will depend on the distance between the
sensor die and the STS station edge.
For these cases several fabrication variants will be evaluated:
- detector: narrow metal strip (Rsm=50 Ω/cm)
- detector: wider metal strip (Rsm=21 Ω/cm)
- cable: aluminum paths, total capacitance 0.95 pF/cm, resistance 0.44 Ω/cm
- cable: copper paths, total capacitance 0.6 pF/cm, resistance 1.31 Ω/cm
It is noteworthy, that series resistance of the copper cable is higher than the
aluminum one (even though resistivity of Cu is lower than Al). This is due to the fact
that cross section of the Cu path is much smaller in this case than the Al one.
Therefore it was possible to achieve lower parasitic capacitances.
The details of the cable and detector variants are gathered in table A.1 and A.2.
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Parameter
WxH
C2-2
C1-1
C1-2

Cable 1
Al
46x14
0.119
0.139
0.139

Cable 2
Cu
16x8
0.05
0.06
0.072

C1-G
C2-G
RS
D
L

0.29
0.38
0.44
100
5/50

0.25
0.31
1.31
100
5/50

Unit and comment
metal paths material
[µm2] cross section of the path
[pF/cm] capacitance between adjacent paths in layer 2
[pF/cm] capacitance between adjacent paths in layer 1
[pF/cm] capacitance between adjacent paths in layer 1 and
2
[pF/cm] capacitance between path in layer 1 and ground
[pF/cm] capacitance between path in layer 2 and ground
[Ω/cm] series resistance of a path
number of sections in the distributed model
[cm] cable length

Tab. A.1. Cable model parameters.

Parameter
Rsm
Rsp
Cp-b

Detector 1
50
66K
0.19

Detector 2
21
66K
0.19

Cp-m
Cp-p

14
0.7

14
0.7

D
L
Rbias

100
2/ 3*3
100M

100
2/ 3*3
100M

Unit and comment
[Ω/cm] series resistance of a metal strip
[Ω/cm] series resistance of a diffusion strip
[pF/cm] capacitance between diffusion strip to the
bulk
[pF/cm] coupling capacitance
[pF/cm] capacitance between adjacent diffusion
strip
number of distributed model sections
[cm] detector length
[Ω] biasing resistor

Tab. A.2. Detector model parameters.

Detector
L=2cm
Rsm=50 Ω/cm
(Rsmtotal≈100 Ω)
(Ctotal≈1.78 pF)
L=2cm
Rsm=50 Ω/cm
(Rsmtotal≈100 Ω)
(Ctotal≈1.78 pF)
L=2cm
Rsm=21 Ω/cm
(Rsmtotal≈41 Ω)
(Ctotal≈1.78 pF)
L=2cm
Rsm=21 Ω/cm
(Rsmtotal≈41 Ω)
(Ctotal≈1.78 pF)

Case 1
Cable
L=50cm
Al
(Rtotal≈22 Ω)
(Ctotal≈48 pF)
L=50cm
Cu
(Rtotal≈66 Ω)
(Ctotal≈30 pF)
L=50cm
Al
(Rtotal≈22 Ω)
(Ctotal≈48 pF)
L=50cm
Cu
(Rtotal≈66 Ω)
(Ctotal≈30 pF)

ENC
[e-]

Detector

1330

3 x L=9cm
Rsm=50 Ω/cm
(Rsmtotal≈450 Ω)
(Ctotal≈8 pF)
3 x L=9cm
Rsm=50 Ω/cm
(Rsmtotal≈450 Ω)
(Ctotal≈8 pF)
3 x L=9cm
Rsm=21 Ω/cm
(Rsmtotal≈189 Ω)
(Ctotal≈8 pF)
3 x L=9cm
Rsm=21 Ω/cm
(Rsmtotal≈189 Ω)
(Ctotal≈8 pF)

1071

1330

1070

Tab. A.3. Simulation results.
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Case 2
Cable
L=5cm
Al.
(Rtotal≈2.2 Ω)
(Ctotal≈4.8 pF)
L=5cm
Cu
(Rtotal≈6.5 Ω)
(Ctotal≈3 pF)
L=5cm
Al.
(Rtotal≈2.2 Ω)
(Ctotal≈4.8 pF)
L=5cm
Cu
(Rtotal≈6.5 Ω)
(Ctotal≈3 pF)

ENC
[e-]
1570

1568

1259

1250

The simulation results are presented in table A.3. The outcome is that the series
resistance of metal path in the detector as well as resistance and capacitance of the
cable are very important design parameters with respect to the noise performance of
the detector system. The diffusion strip resistance has negligible impact in
considered cases because it is being bypassed by the small resistance of the metal
path.
The simulations have revealed more favorable combination of series resistance
and parasitic capacitances of cable and detector for two considered cases of detectorcable assemblies for the CBM experiment.
In the first case (2 cm detector + 50 cm cable), where the detector is short
compared to the cable, it is the cable which has a dominant impact on the noise
performance of the system. In spite of its higher resistance, using a copper cable
results in 20% lower noise than using aluminum cable.
In the second case (three 3 cm detectors + 5 cm cable) the situation is opposite.
Now, the detectors’ parameters are the most important for the overall noise results.
In fact, the detector with wider metal strip results in 20% lower noise. The cable
variant has negligible impact on the results in this case.
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Appendix B
Hardware solutions for testing of the integrated circuits used for
characterization of TOT01 and TOT02 circuits and design ideas developed
during this work.
Design of the PCBs (Printed Circuit Board) for testing of the naked-die integrated
circuits involves a series of tradeoffs. On the one hand, the test setup should be as
flexible as possible to provide means to diagnose or debug it during the first start-up,
slight modifications of the circuit for the second-step testing and should be accessible
for an easy probe connection etc. On the other hand the circuit should be
interference-proof and fully exploit the ASIC’s capabilities. Enough to say, that
poorly designed PCB for the mixed-signal low-power, low-noise integrated circuit
can successfully compromise the possible good noise-performance.

B.1. Modularity and Integrity
The basic task of the test PCB for the naked-die ASIC testing is to host the
Integrated Circuit itself together with the essentials of its operation which need to be
close (bias, decoupling capacitors, etc.). Very often the test PCBs incorporate other
functionalities like: on-board power supply (voltage regulators), logic level
converters, digital-to-analog converters (DACs), connectors and many others.
Having a multifunctional board which minimizes the number of external
components is good but has also some drawbacks (Fig. B.3a). First, the larger the PCB
is and the larger the components are the more difficult is to modify or repair the
wire-bond connections or to replace the ASIC. The bonder has limitations on the
maximum size of the PCB it can host. The physical dimensions of the wedge and its
accessories require a significant area free of components around the ASIC (fig. B.5).
The integral PCB solution makes also more expensive and time-consuming testing of
multiple ASICs since each device-under-test (DUT) requires a new complete PCB.
Often it is more convenient to split the PCB into two modules: a main-board
and a mezzanine board (Fig. B.1). The second one can host ASIC and the most
essential parts (like decoupling capacitors, biasing circuits and shield mounting
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pads) while all the signals and power supply lines are connected to the main-board
through high-density connectors or other solution.

Fig. B.1. Example of modular architecture of test PCB.

It will be explained later in this chapter, but it can be noticed that tight
requirements on the PCB paths and pads spacing and thickness applies only for the
strict surrounding of the ASIC footprint. The more strict requirements are put on the
PCB the more expensive the cost of fabrication is, especially for larger circuit boards.
This means that the mezzanine board could be fabricated using high-tech processes
while the main PCB can be fabricated using cheaper, easily available process. The
only problem is how to provide a suitable interconnection between these boards.
There are several ways. For example:
-

Using high density stack-type connector (Fig. B.1, B.3b, ).

-

Interconnecting the boards using pad-to-via soldering. This type of assembly
can be found in commercially available micromodules (e.g. Bluetooth)
(Fig. B.2).

-

Interconnecting the boards using wire-bond connections (board – board or
ASIC – board) (Fig. B.2).

hig

ch
h-te

PCB-PCB wire-bond
connection

B
PC

PCB-PCB soldered connection

low-tech PCB

Fig. B.2. Examples of high-density PCB interconnection techniques.
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This solution is also very flexible since it allows to test multiple ASICs on the
same setup and – if necessary – to modify or exchange the ASIC due to the lack of
large components on the mezzanine PCB. The disadvantage is that the connectors
introduce some series resistance and inductance which sometimes may cause signalintegrity issues. This approach can be however slightly more expensive when small
number of ASICs is to be tested. Examples are presented on fig. B.3 (TOT01 ASIC test
PCB and VIPIC ASIC test PCB [B.1] [B.2]). Please note that both solutions incorporate
the mounting holes for a metal shield for ASIC.

a)

b)

Fig. B.3. Examples of: a) integral (TOT01 PCB) approach b) modular (VIPIC PCB) approach.
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B.2. Footprints for naked-die integrated circuits and detectors

a)

b)

c)

Fig. B.4. Pads for ASICs: a) TOT02, b) TOT01, c) VIPIC.

Figure 4 presents bonding pads for TOT02, TOT01 and VIPIC ASICs. There
are certain issues, a designer has to face during design of the footprint and its close
neighborhood:
-

Ease of wire-bonding. Since ASICs often arrive as naked dies it is necessary to
do the assembly on the test PCB. The physical dimensions of the tool for
bonding requires certain area free of high components around the bonding
area (Fig. B.5). The designer should consider this because it might be that
repairing or modification of bonds after the whole module was fully
assembled will be impossible of difficult and time-consuming.
ultrasonic head
electromagnet
wedge
conflicting component
(e.g. potentiometer)

clamp
wire
ASIC

Fig. B.5. Possible problems during wire-bonding.

-

Technological constraints, like minimum trace width and spacing. This is
particularly important for the design of pads. Depending on the PCB
technology it will be possible to use narrower pads with smaller spacing.
Typical pad width for cheap, simple technology is 10 mil (0.25 mm). This is
very often not enough for multichannel integrated circuits in modern
submicron technologies, where pads often have pitch of 0.1 mm or less. When
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there are many pads in a row, difference in ASIC pads and PCB pads can
cause that bonding might not be possible. This is why a proper selection of the
PCB manufacturing technology is important. Nowadays, choosing modern
PCB technology it is possible to reach pad width of 3 mils (76 µm) or less
(Fig. B.6a). To reduce this effect, the pads can be longer or located further from
the ASIC to increase the wire-bond length and the angle of connection.
Moreover, the shape of pads should be inspected. Sometimes the
manufacturers declare ability of producing narrow paths but their crosssection is significantly rounded due to the etching process which makes the
wire-bonding very difficult (Fig. B.6b).
pad width: 3 mils
pad pitch: 6 mils

TOT01

pad pitch: 4.7 mils

pad pitch: 4 mils

PCB pad shapes
pad width: 3 mils
pad pitch: 6 mils
a)

b)

Fig. B.6. PCB technology limits: a) fan-out problem, b) technology-dependant cross-sections of pads.

Figure B.7 presents fragment of TOT02 test PCB. The ASIC was designed to
operate with long silicon strip detectors. Target detectors can be connected through
a connector and paths routed to appropriate bonding pads. It is however desirable to
be able to test the ASIC with smaller detectors (mainly due to their availability and
cost). It is therefore possible to attach such detector to the custom-designed footprint.
It is able to host silicon strip detectors up to the size of 18 mm x 23 mm. The strips are
to be bonded directly to the readout ASIC. It is also possible to inject artificial current
pulses (chapter 3) using dedicated pads and integrated current-injection capacitors.
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Fig. B.7. Multiple stimuli sources for a single ASIC for strip detector readout.

Interesting feature of presented detector footprint is the ability to simulate
the large detector capacitance by adding external ceramic capacitors . There are 0604size pads supplied with additional bonding pads. By attaching capacitors and
connecting selected detector pads to them it is possible to emulate both mutual strip
capacitance or inter-strip capacitance (Fig. B.8).

Fig. B.8. Method for simulating large detector capacitance using short detector.

It is often important to perform the preliminary test of the ASIC as it arrives
from the factory before a dedicated PCB is designed. The author has prepared
a universal test-board for this purpose. Its basic functionality is to fan-out the
congested signals to the regular 2.54 mm pitch gold-pin connectors (located on the
perimeter of the board) (Fig. B.9). To make the board even more universal, the ASIC
footprints are located on both sides of this board and differ in size (and the actual
number of pads provided). It makes the wire-bonding easier for smaller chips. This
PCB introduces some interesting solutions for the flexibility of tests:
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-

each of the fan-out lines is supplied with a metalized through-hole pad placed
as close to the ASIC as possible. This can be used for oscilloscope probing or
soldering of the components located very close to the ASIC (e.g. decoupling
capacitors),

-

reference pads (e.g. ground and Vdd) for easier probing and decoupling
capacitors placement,

-

fan-out paths on one side of the ASIC have additional long soldering pads. In
typical cases they act as regular signal paths. They can be however
transformed to the high-voltage biasing pad for the detector mounted to them
and wire-bonded to the ASIC under test.
Universal footprint
8 mm x 8 mm pad
(up to 192 bonds)

pads adaptable for
detector mounting

probing / soldering pads
example for decoupling
capacitor placement
fan-out connectors
reference pads (gnd/vdd)

mounting holes
shield mounting pads (gnd)

Fig. B.9. Universal PCB for preliminary ASIC testing.

B.3. Shielding and coverage for ASICs
Detector and readout ASICs together with some accompanying circuits are
very sensitive to the noise pick-up. Moreover, the detector and naked-die ASIC are
sensitive to the light. It is therefore necessary to shield them appropriately to fully
exploit their performance. Figure B.10 presents some errors in applying of the shield.
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Fig. B.10. Some errors in shielding [B.3].

First, a shield protects the circuit from some interferences originating
outside of it. Noisy circuitry or paths located inside the shielded area may
significantly compromise the interference-protection efforts. This concerns especially
switching voltage regulators, fast digital circuits, wireless interface circuits etc. It is of
course not possible to apply this rule when mixed-signal ASICs are used where fast
digital circuits and integrated into the silicon structure.
Any discontinuity in the shield (like holes, slits) creates the antenna for the
interference coupling. The larger discontinuity is the more interferences is let
through (larger frequency spectrum). It is crucial to make them as small as possible
whenever it is impossible to avoid them.
In applications of detector readout circuits, where detector is also covered
by the shield a slit in solid shield is necessary to let the radiation reach the detector.
The slit is often covered with an aluminum foil to keep the shield integrity.
A shield, which is floating, not connected to any circuits’ voltage does not
work (it might make the things worse). It is also preferable to connect the metal
shield to the ground (or other reference, constant voltage) in multiple points.
The PCB should be an integral part of the shielding cage. This means that
one of the signal layers should be dedicated to the ground (and/or power supply
plane). The inter-layer vias are inevitable, but there should be no cuts in the shielding
plane (unless there is other important reason to do so [B.4]).
Every time the ASIC is to be tested, the construction of a shield should be
taken into account. It should be metallic, should completely cover the protected area
and it needs to be detachable relatively easy. It is not easy to meet these requirements
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at the reasonable cost and without lots of man-work. There are some solutions for
shielding of the ASICs under test used by the author in his work:
- Full-custom made metallic (aluminum or copper) shield (Fig. B.11). Pros: size can be
adapted to actual requirements. Cons: needs to be hand-made which is timeconsuming and not effective for larger amounts of pieces.

a)

b)

Fig. B.11. Examples of custom-made shields: a) copper, b) aluminum.

- Off-the-shelf metallic shield. It is possible to buy a shield as a metallic half-open box
with integrated mounting leads (Fig. B.12). Pros are: cheap, effective and accessible.
Cons: causes constraints on PCB layout.

Fig. B.12. Example of off-the-shelf shield.

- PCB-based custom-made shield (Fig. B.13). The design team has developed
a method for creating shields using a printed-circuit-board technology. The shield is
constructed as a stack of PCBs. The shielding is made from the horizontal copper
planes and vertical vias. 3D integration is done using mounting bolts (which will be
used to attach a shield to the PCB) and vertical soldering using sliced vias.
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Pros: relatively cheap (design time and total cost), precisely controlled sizes and
shapes, easy assembly. Cons: special care should be taken to ensure a full shielding.

slit for X-rays
assembly holes
top stage

vias

intermediate stages

Fig. B.13. PCB-based custom shield.
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