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Abstract

This dissertation presents a methodology based on SystemC-AMS and
supported by the COSIDE graphical design environment for the development
of automatic test solutions for industrial electronic devices. The proposed
approach optimises the design of test hardware and the development of test
programs by allowing efficient capture of test hardware schematics and rapid
mixed-signal simulation of test program sections. This offers detailed insight
into the behaviour of the test setup and into the mutual interactions between
test hardware, automatic test equipment, and device under test, enabling
comprehensive pre-silicon troubleshooting of the test solution.

The development of the framework from the ground-up is presented in
detail, emphasising the selection of appropriate software and programming
methodologies, along with the modelling principles for automatic test equip-
ment resources and electronic components for test hardware development.
The validity of the proposed methodology is demonstrated through its ap-
plication in two innovative industrial test scenarios.

In the first case study, the framework is employed in the design of the
probe-card for the wafer-level testing of an innovative industrial gate driver
with built-in over-current protection. The adoption of the framework enables
the investigation of several critical aspects of the test hardware, including
schematic robustness, analog and digital signal integrity, measurement solu-
tions for key electrical quantities, and the generation of a variable-amplitude
current pulse in which active components modulate the native automatic test
equipment capabilities. A comparison between simulation results and bench
measurements performed during test program execution on the fabricated
probe-card demonstrates the capability of the framework to provide an ef-
fective representation of the modelled components and to properly support
the development of automatic test solutions.

In the second case study, a test concept to enable the measurement of the
high level output peak current of isolated gate drivers is developed from the
initial concept to the physical implementation. Alternative circuit topologies
and component dimensioning are evaluated within the framework and sub-
sequently validated through measurements performed on the manufactured
hardware. A final sequence of qualification measurements is performed to
finalise the test concept and confirm its suitability for integration into future
standard automatic test solutions.
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Chapter 1

Introduction

Testing an electronic device consists of applying specific electrical stimuli
and evaluating the device responses, comparing the observed and expected
behaviours. Electrical testing is an extremely transversal activity and repre-
sents a fundamental step in the development of any electronic device, inde-
pendently of its complexity and scale of production.

The methods and good practices used to implement electrical testing dur-
ing the development of electronic devices are highly diverse. For simplicity,
the contribution of testing to the overall development process can be sum-
marised in two main applications:

Firstly, faults, weaknesses, and deviations between the observed behaviour
and the expected one must be properly identified, evaluated, and quantified.
These observations support improvements in subsequent design iterations of
the device, and implementation of appropriate post-production corrections.

Secondly, a quantitative description of the device performance must be
produced to better understand its present and future functionality under
different operating conditions. A proper amount of data must therefore be
collected from a sufficiently large number of sample devices, and statistically
analysed.

The testing process assumes further importance in the case of industrial
electronic devices, which are typically manufactured at very large scales.
These devices are often embedded within larger systems, in which faults
and malfunctions affecting a single unit (even if statistically unlikely) may
propagate through the larger system, as intuitively illustrated in Fig.1.1.
Depending on the specific application, this propagation effect can result in
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Figure 1.1: Quantitative example of the propagation of single-device defects
to larger systems in which they are embedded (e.g., a car)

significant safety hazards and customer dissatisfaction. It is therefore essen-
tial to properly identify, evaluate, and quantify these operational defects, to
minimise their impact before the devices are released to the market.

In industrial environments, the testing process accounts for a significant
portion of the total budget allocated to the development of electronic de-
vices. Although exact figures are generally treated as restricted data and
therefore not publicly disclosed, it is acknowledged within the sector that
approximately 20%-30% of the manufacturing budget is allocated for testing
related activities [1, 2]. This figure corresponds to approximately 5% of the
total budget allocated for the development of semiconductor devices [3, 4]1.

As a result, the electronic industry has, since its early stages, attempted
to streamline, automate, and improve the testing process to reduce the as-
sociated costs while maintaining a proper level of accuracy on the largest
possible number of devices.

The collection of methods and techniques developed to achieve these ob-
jectives is referred to as automatic testing, and constitute a fundamental field
of industrial research and engineering.

1.1 Automatic Testing Fundamentals

In industrial environments, to manage the large number of devices that must
be tested, signal sourcing and acquisition are typically performed by spe-
cialised machinery referred to as Automatic Test Equipment (ATE). These
complex systems can be described as a collection of signal sources (volt-
age and current levels, arbitrary waveforms, digital signals, etc.) and mea-
surement instruments (voltage, current, frequency, propagation time, etc.),
integrated into a comprehensive system that provides synchronisation and

1This figure is largely dependant on the complexity and application of the electronic
devices under consideration.
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Figure 1.2: Teradyne ETS-88, highly versatile automatic test equipment
widely used for the automatic testing of semiconductor devices

interconnection between the various resources, along with a unified control
software. As an example, the Teradyne ETS-88 is shown in Fig.1.2.

The test flow is managed by the Test Program (TP), a computer pro-
gram written in a system-specific programming language, which encodes all
the necessary steps to properly test the Device Under Test (DUT) through
the subsequent execution of the test functions. A Test Function (TF) con-
tains specific instructions for the ATE resources to configure the test setup
correctly, source and acquire all the required signals, and generate the output
data-log for further data analysis.

Given the continuous increase in device complexity and associated test
requirements, several additional techniques have been developed by the in-

3



(a) Industrial silicon wafer (b) Probe-card

Figure 1.3: Elements of wafer-level testing:
(a): Industrial silicon wafer with approximately 12,000 embedded devices
(b): Probe-card to interface the silicon wafers with the ATE

dustry to optimise the overall efficiency of the testing process [5, 6].
For example, Design For Testability (DFT) aims to embed self-test func-

tionalities into electronic devices to reduce test time and resource usage,
while multi-site testing significantly shortens the test time by running paral-
lel simultaneous testing on multiple devices2.

As previously mentioned, industrial automatic testing is a field of engi-
neering with an extremely broad range of methodologies and approaches. In
general, two different testing environments can be distinguished, according to
the specific phase of production of the DUT they are targeted to characterise.

1.1.1 Wafer-level testing

Factory-produced devices are initially embedded in silicon wafers, which can
host approximately 1,000 to 10,000 individual devices, depending on the
device complexity. A silicon wafer is shown in Fig.1.3a. The main objectives
of wafer-level testing are to collect statistical data for the initial definition of
the device data-sheet, to characterise sample engineering wafers and provide
valuable feedback for subsequent device iterations, and to eliminate defective
devices before the packaging process.

2Increasing the number of devices that can be simultaneously tested is one of the main
current challenges in the automatic testing industry.
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Figure 1.4: Accretech UF200, fully-automatic wafer prober specialised for
productive environments

The defining piece of equipment for wafer-level testing is the wafer prober,
which is capable of handling silicon wafers, and establishing electrical contact
with one or multiple DUTs through the probing needles, effectively serving
as the interface between the DUT and the test hardware during the TP
execution by the ATE.

Advanced features of wafer probers include the automatic handling of
multiple wafers through self-managed loading and unloading processes (fully
automatic wafer probers), and the control of the DUT temperature by a
thermal chuck, enabling low and high temperature validation. As an exam-
ple of a fully automatic wafer prober used in production environments, the
Accretech UF200 is shown in Fig.1.4.

In wafer-level testing, the test hardware is represented by the probe-
card, a device-specific interface hardware mounted on the wafer prober, that
establishes all the required connections between the ATE (through specialised
cables) and the on-wafer DUT (through the probing needles). An example
of a probe-card is shown in Fig.1.3b.
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(a) Packaged devices (b) Application board

Figure 1.5: Elements of package-level testing:
(a): Packaged devices for device debug and test solution development
(b): Application board to interface the packaged devices with the ATE

1.1.2 Package-level testing

At the package-level, devices are cut from silicon wafers and embedded in
appropriate packages, made from different materials and associated with dif-
ferent footprints and pinouts according to the specific application.

The main purpose of package-level testing is the pre-market validation of
the produced device lots3, although the characterisation of sample packaged
devices for debug and improvement across different device iterations can also
be performed. As an example, packaged industrial devices are shown in
Fig.1.5a.

The defining piece of equipment for package-level testing is the die han-
dler, capable of mechanically feeding the DUTs to the test sockets and es-
tablishing the required electrical connection to execute the TP.

For device and test solution debug, application-boards can serve as tem-
porary interface hardware between the ATE and the DUT. An example of
an engineering application board is shown in Fig.1.5b.

Given the dynamic nature of package-level testing, additional compo-
nents can be deployed during the debug phase. For instance, thermal control
devices can establish thermal contact with the DUT, and regulate its tem-
perature for low and high temperature validation.

3In this phase, leakage, breakdown, and other tests specific to the package are included
into the test plan.
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1.1.3 Test programs

As previously explained, the flow of operation of the ATE is controlled by
the test program, which is a collection of instructions written in a dedicated
programming language, and organised into multiple test functions. These in-
structions are interpreted by the ATE and translated into actions performed
on the test setup4.

Engineering TPs are primarily used during the debug and validation
phase. Once the development is complete, they are converted into produc-
tion test programs, which are targeted towards efficient data collection and
test time optimisation for the final test.

The execution of a generic TF designed to perform a specific measure-
ment includes setting the optimal test setup configuration, performing the
measurement, restoring the test setup to its original state, and collecting the
test data. The main challenges in the development of TFs and TPs are the
management of code complexity and the optimisation of the test time.

For the Teradyne ETS-88, previously used as an example of ATE, the TPs
are managed using the proprietary MST software, and written in the C++
programming language making use of a collection of dedicated libraries and
macros. The development interface for an ETS-88 TP is shown in Fig.1.6.

1.1.4 Industrial workflow

A variety of different approaches and methodologies are adopted across dif-
ferent industries for automatic testing. A general structure of the industrial
workflow that covers the main mandatory steps to implement a successful test
solution can however be identified, and is schematically shown in Fig.1.7.

In detail, the following steps are typically involved:

� Test plan definition - The general aspects of the DUT test require-
ments are defined, including the main parameters and features to be
characterised, pass and fail criteria, the necessary wafer and package-
level test coverages, and the overall yield target. DFT functionalities
can also be proposed and implemented at this stage to enable or im-
prove the testability of specific parameters.

� Test program development - Based on the defined test plan, the
most suitable ATE is selected, and the test sequence is specified and
implemented within the development environment. The TP is typically
updated and optimised throughout the subsequent phases.

4In this context, the test setup includes the DUT, embedded into the test hardware.
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Figure 1.7: Simplified flowchart of the standard automatic test development
process in industries

� Test hardware development - The specialised hardware required to
interface the ATE with the DUTs is designed and manufactured. After
the manufacturing, the test hardware (together with all other elements
of the test solution) is debugged and validated in terms of functionality,
accuracy, and statistical significance.

� Data analysis - Statistical test data are gathered on sample wafers
and packaged devices to support the device characterisation and im-
provement, and the optimisation of all elements of the test solution.

� Final test - Following the validation phase, the definitive test solution
is deployed in production environments for pre-market product vali-
dation. Test data are collected and archived for future analysis, and
comprehensive test reports are produced.

1.2 Gate Drivers

Gate drivers are included in the broad category of interface devices within
power electronic systems, and represent one of the most important and
widespread branches of modern electronics across a wide range of applica-
tions, from industrial to automotive systems.

A gate driver can generally be defined as a power amplifier that accepts
a low-current, low-voltage input signal from a microcontroller or a similar
digital source, and translates it to a high-current output signal (driver) at
the proper voltage level, which is capable of quickly charging or discharging
the gate of the driven power device, efficiently switching between its on-state
and off-state operations.

Gate drivers are generally used to drive high power transistors such as
power MOSFETs (Metal-Oxide-Semiconductor Field Effect Transistors) or
IGBTs (Insulated Gate Bipolar Transistors), providing fast switching times

9



Figure 1.8: Example of a low and high-side gate driver employed in a
high-voltage application

and ensuring the safety of downstream components through gate insulation
and additional safety mechanisms, such as under and over-voltage protection,
over-current protection, and automatic thermal shutdown5.

Gate drivers can generally be classified according to their topology and
method of operation. According to the scope of this dissertation, two main
relevant distinctions are considered:

Firstly, low-side and high-side gate drivers can be distinguished based
on the position of the driven switch. For low-side gate drivers, the switch
is connected between the load and ground, while for high-side gate drivers,
the switch is connected between the supply voltage and the load. These two
architectures implement distinct driving modes, and can be employed in dif-
ferent applications. The switching element is typically a n-channel MOSFET,
as it offers inherently lower on-resistance and superior current capability com-
pared to p-channel devices. Gate drivers with combined low and high-side
outputs can be employed together with n-channel MOSFETs to drive high-
voltage inductive loads (e.g., motors), as schematically shown in Fig.1.8.

Secondly, isolated gate drivers provide galvanic separation between low
and high-power domains through coupling mechanisms (e.g., capacitive or
inductive), improving safety and noise immunity [7]. On the other hand,

5Protection mechanisms can be integrated into the gate driver IC, or embedded at the
system level.
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non-isolated gate drivers allow simpler architectures when direct control is
sufficient.

1.2.1 Testing of gate drivers

The testing process for gate drivers is centred on the characterisation of their
static and dynamic behaviour, with particular focus on the state switching
action. Key parameters are typically tested across a wide range of electrical,
ambient, and load conditions for both off-to-on and on-to-off transitions.

Industrial practices for gate driver testing are well-established, although
a formal industrial standard (IEEE-P2964) is still under development [8].

The main parameters that are typically measured during gate driver test-
ing include:

� Switching time - defined as the total time required for a state transi-
tion. It affects switching losses and the overall efficiency of the driven
active component.

� Peak current - defined as the maximum output current achievable
when actively driving a load. It directly affects the switching time and
the gate charge and discharge capability.

� Threshold voltage - defined as the voltage at which the gate driver
initiates a state transition. It is crucial as a characterisation parameter
and to enable timing measurements.

� Quiescent current - defined as the consumed current in idle condition
when the device is not actively driving a load. The characterisation
must be done between different device pins.

� Leakage current - defined as the current dissipated through the de-
vice when it is actively driving a load. It directly impacts the device
efficiency.

Other device-specific parameters, related to the functionalities, protection
mechanisms, and applications of the tested device often require dedicated
testing procedures.

11



Figure 1.9: Simplified flowchart highlighting the advantage of virtual
testing within the industrial workflow

1.3 Virtual Testing

Given the rise in circuit complexity, test hardware is becoming more complex
and is therefore frequently subjected to errors and malfunctions of various
nature, which are often related to the analog electrical behaviour of the test
hardware when it is stimulated by the ATE.

The development of test hardware results therefore time-consuming and
resource-intensive, often requiring multiple revisions, entire redesigns, and
intensive physical troubleshooting. In this scenario, the adoption of an elec-
trical virtual testing framework to support the industrial workflow by running
preliminary mixed-signal simulations, allows early fault detection in the test
hardware, and brings significant improvement to the overall efficiency of the
test development process.

To be well-suited to accomplish this task, and properly account for the
mutual interactions between all the different components of the test solution,
an electrical design framework must include: models of the ATE resources
which account for their limitations and analog electrical characteristics, a
complete library of electrical components to allow versatile schematic design,
and the ability to effectively model the DUT functionalities.

Virtual testing aims to apply techniques commonly used in electronic
design to the field of automatic testing. The core idea is to operate within a
development framework that allows design and validation of comprehensive
test setups, reducing the reliance on physical debugging and significantly
improving the overall efficiency of the process. A conceptual visualisation of
the virtual testing approach is shown in Fig.1.9.

Developing a virtual testing framework requires the definition of several
variables, such as the choice of the proper software and tools, modelling
methodologies, and level of abstraction. Due to the broad range of possible
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implementations and approaches, virtual testing remains an interesting and
promising field of industrial and academic research.

1.3.1 State of the art

Virtual testing is a well-known concept in academic and industrial research,
and attempts to introduce frameworks into the industrial workflow can be
traced back to the late 1980s and early 2000s. These early efforts are focused
on digital [9, 10], purely analog [11], and mixed-signal virtual testing [12].

The diversity across proposed virtual testing approaches is significant. As
a result, a wide range of applications and methodologies has emerged over
the years, without the consolidation of an effective industrial standard. In
recent years, an extensive collection of literature works and commercially
available solutions has become available. For clarity, a limited number of
representative examples are referenced for each broad category.

A significant portion of the available solutions focuses on the digital de-
bug, providing capabilities such as syntax checking and debugging of TP
code, and assisted generation of digital patterns for scan-based tests [13,14].

Mixed-signal options extend these concepts by implementing proper ana-
log modelling. Such approaches typically rely on the availability of models for
both ATE and DUT [15], adopt interface-based modelling integrated within
black-box simulation tools [17, 18], or propose direct integration within the
native ATE programming environment [16].

Alternative solutions propose different approaches, such as integration
within the pre-silicon verification environment [19], or methodologies requir-
ing the external simulation of test hardware [20].

In this work, a different approach is proposed and evaluated in its prin-
ciple, functionality, and usefulness. The proposed SystemC-AMS virtual
testing framework is completely independent of the ATE control software
and focuses on a schematic-based approach, ease of setup, efficiency of simu-
lation, and the ability to support versatile experimentation for the user. The
framework allows the use of fully customisable ATE models, schematic design
of test hardware, evaluation of TP sections, and simulation of the complete
test setup within a user-friendly graphical design environment.

This approach is specifically targeted at addressing the limitations of
existing solutions related to the efficiency of test hardware design and test
hardware early validation.
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1.4 Activity Overview

The specific focus of the presented work is on methodologies for automatic
testing applied to electronic devices operating in high-power applications.
For these devices, mixed-domain tests are becoming increasingly relevant
given the growing number of integrated digital functionalities, but a strong
emphasis remains on the purely analog behaviour.

The work presented in this dissertation aims to tackle the intrinsic in-
efficiency encountered during the development of versatile test hardware by
exploring the concept of virtual testing, and developing a virtual testing
framework based on SystemC-AMS and supported by the COSIDE graph-
ical design environment. The mentioned working environments are chosen
following proper research, considering their relevant features for the target
application, their observed advantages with respect to similar alternatives in
terms of modelling flexibility and simulation efficiency, and their potential
for future improvement and expansion.

The developed framework is aimed at the overall improvement of the
automatic test solutions development process, by coherently optimising the
schematic design of test hardware and the coding of test programs, allowing
the shortening of test time, and the tuning of instruction sequencing.

The proposed framework focuses on the schematic design of test hard-
ware within a comprehensive environment that includes developed models of
the ATE resources and of various electrical components, characterised by a
varying level of abstraction. Sections of the test program can be optimised
through mixed-domain simulations that provide insight into both the analog
behaviour of the test setup, and into the mutual interaction between test
hardware, test equipment, and DUT. This improves the effectiveness of the
pre-physical troubleshooting of the test solution, and of the overall process.

The first part of the work involves the development from the ground-up
of models for the main resources of the Teradyne ETS-88 ATE, accounting
for their features and data-sheet specifications. Electrical components for
the development of wafer and packaged-level test hardware are subsequently
modelled and organised in comprehensive component libraries for versatile
schematic design.

The developed framework is validated within different industrial test sce-
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narios, and the main results are presented in this dissertation as case studies
to demonstrate the validity and potential for improvement of the proposed
methodology for the target application.

The first presented industrial case study is the design of the probe-card
for testing silicon wafers of an innovative industrial gate driver, that features
built-in over-current protection, and several digitally configurable operational
parameters. In this application, the framework is employed to investigate
several key aspects of the test hardware functionality, including the general
robustness of the circuitry, the integrity of the analog and digital signals, and
solutions for the measurement of notable electrical quantities.

An important sub-application which is effectively tackled within the frame-
work is the investigation of solutions for generating a variable-amplitude cur-
rent pulse (tpulse < 1.5µs, Imax > 4A), where active electrical components
are employed to modulate the native capabilities of the ATE.

The comparison between simulation results and bench measurements per-
formed within the test program execution on the manufactured probe-card,
highlights the capability of the proposed framework to provide an effective
analog representation of the modelled components and to effectively support
the development of automatic test solutions.

The second presented industrial case study is the development of a cir-
cuit configuration to enable the measurement of the high-level output peak
current of isolated gate drivers (tevent < 100ns, Ipeak ≈ 15A). An application
board is developed with the assistance of the framework from the conceptual
design to the physical implementation. A sequence of formal qualification
measurements is subsequently performed to validate the test concept and
make it viable for integration into future standard test solutions.

This dissertation incorporates activities and results previously published
by the authors in [21] and [22].
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Chapter 2

Basic Methodology

As previously introduced, the proposed virtual testing framework is intended
as a tool to assist in the development of automatic test solutions by allow-
ing design and pre-silicon validation of test hardware, mainly in scenarios in
which the focus is on the analog behaviour, and when the electrical capabili-
ties of the ATE are modulated by active and passive components on the test
hardware.

In this chapter, the methodology behind the development and implemen-
tation of the framework is introduced, focusing on the selected software and
tools, the adopted principles for hardware modelling, and the main steps for
designing and simulating a test hardware instance.

2.1 Software and Tools

The choice of the proper software and tools to develop and implement the
models and functionalities of the framework is a fundamental preliminary
step. The selected modelling language must offer the possibility to develop
hardware models with the proper level of abstraction for the target appli-
cation, and the development environment must be equipped with all the
necessary features for versatile modelling and end-user experience.

Following a comparison with similar alternatives, the SystemC-AMS hard-
ware modelling language, implemented within the COSIDE development en-
vironment is selected for the development of the proposed framework.
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Figure 2.1: Hierarchical structure of the SystemC-AMS hardware modelling
language

2.1.1 SystemC-AMS

SystemC-AMS is a hardware modelling language that is extension of the
standard SystemC hardware description language [23], built on the C++
programming language. It offers various functionalities and modelling for-
malisms that allow the design of mixed-domain systems at various levels of
abstraction, and the setup of efficient simulations.

For mixed-level systems, SystemC-AMS has been shown to achieve higher
simulation performance compared to low-level SPICE simulators, while main-
taining a sufficient level of analog accuracy for the target application, along
with the versatility and abstraction capabilities of typical system-oriented
Hardware Description Language (HDL)s, such as Verilog-AMS [24]. In purely
analog systems, similar performance to SPICE have been observed, with im-
proved versatility and efficiency in specific scenarios [25, 26]. Moreover, for-
mal methods have been developed and employed to confirm the behavioural
equivalence between SystemC-AMS and SPICE [27,28].

SystemC-AMS is a relatively recent modelling language with promising
potential for further development [29]. Several studies have demonstrated
its effectiveness as a powerful modelling tool for both strictly electrical sys-
tems [30, 31] and heterogeneous systems [32, 33], opening the possibility for
future integration within the framework of models representing physical and
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mechanical aspects of automatic testing, such as temperature effects and the
mechanical handling of wafers and packaged devices.

Considering these factors, SystemC-AMS is selected as the ideal mod-
elling language for the target application.

The native SystemC-AMS modelling environment, whose hierarchical
structure is shown in Fig.2.1, offers the following modelling formalisms, which
contribute to a versatile and efficient implementation of the required models:

� Electrical Linear Network (ELN) - used for modelling continuous-
time conservative electrical behaviour. Kirchhoff laws are solved at
each node and port of the circuit, to compute the correct voltage and
current values at each time step. The library of built-in ELN compo-
nents includes passive electrical elements and different types of voltage
and current sources, which can be combined to model more complex
electrical functionality.

� Linear Signal Flow (LSF) - used for modelling continuous-time non-
conservative behaviour by allowing the implementation of user-defined
differential equations based on two key quantities, referred to as flux
and potential. LSF networks are useful to efficiently implement lin-
earised electrical behaviours and signal processing functionalities, other
than physical and mechanical models.

� Timed Data Flow (TDF) - used for modelling discrete-time non-
conservative behaviour. The definition of custom equations and mod-
ules is allowed, and the module activation and signal sampling schedul-
ing is statically calculated at the beginning of the program execution,
to achieve an important increase in simulation speed. TDF networks
are useful to implement complex functionalities while maximising the
simulation performance.

Models developed in SystemC-AMS present intrinsic modularity and allow a
high degree of versatility and expandability. In the specific application of the
presented work, the developed models of ATE, DUT, electrical components,
and laboratory equipment, can be updated with increasing complexity ac-
cording to the fidelity required by the specific application, without altering
the underlying model structure.

Built-in SystemC-AMS features, such as test-benches, stimuli files and
various fault injection methods, allow in-depth examination of the system
behaviour in ideal and non-ideal conditions, and subsequent fine tuning of
the developed hardware solutions [34].
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2.1.2 COSIDE modelling environment

The proposed SystemC-AMS framework is fully implemented and intended
to run on the COSIDE software [35], a comprehensive mixed-signal design
and simulation environment, recognised as the first commercially available
development environment entirely based on SystemC and SystemC-AMS.

COSIDE supports the modelling of complex systems that integrate ana-
log and digital functionalities at various levels of abstraction, and natively
includes extensive built-in libraries, a user-friendly schematic editor, efficient
hierarchy management, and a capable waveform analyser. Various literature
works have demonstrated the versatility and user-friendly nature of COSIDE
for SystemC-AMS development [36,37].

By employing the features offered by the development environment, the
versatility and efficiency of the framework in assisting test hardware devel-
opment are further improved. For completeness, a snapshot of the COSIDE
interface is shown in Fig.2.2.

2.2 Models Basic Structure

To achieve optimal versatility within the modelling environment, the mod-
elled components are organised into distinct libraries, which can be referenced
and used for the schematic design of test hardware instances. Dependency re-
lationships between libraries are automatically managed by the library man-
ager, and sub-libraries are automatically imported when the corresponding
master libraries are referenced. A conceptual scheme of the implemented
library structure is shown in Fig.2.3. Three main library categories are in-
cluded into the first iteration of the framework:

The ATE library includes all the models of the specific ATE chosen for
the test solution. At the top-level, each library symbol represents a specific
resource of the ATE. This guarantees increased flexibility in the choice of
the specific ATE configuration, and a reduction of the simulation time by
arbitrary exclusion of all the non-necessary resources from the schematic.

The internal hierarchy of the modelled resources allows extension of this
concept to the single channels, which can be singularly imported for partic-
ularly small designs to maximise simulation speed. It is important to notice
the applicability of this principle is subjected to the structure of the specific
resource, and the full top-level structure may be necessarily used1.

1As shown in Chapter 4, an example for the Teradyne ETS-88 is the APU-12.
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Figure 2.3: Conceptual chart of the framework SystemC-AMS hierarchical
library structure.

As shown in the next section, to efficiently assign parameters and con-
trol the top-level symbols of the ATE resources, a text-file based approach is
chosen.

The component libraries contain the components necessary to model
electrical systems and design test hardware instances. Other than purely elec-
trical components, non-electrical elements that implement numerical models
of complex effects and functionalities (slew rate, signal sampling, etc.) are
also available. These libraries can be referenced individually according to the
requirements of the specific model or test hardware under development, and
are often subjected to dependency relationships with other libraries.

The test hardware library is the main working library, which includes
the schematic of the test hardware under development and, the models of
the DUT (if required). Components from other libraries are easily imported
and connected as top-level symbols.

2.2.1 Input parameter file

The behaviour and characteristic values of the components used in test hard-
ware schematics is specified by top-level parameters, assigned by the user
before the start of the simulation.

Top-level parameters for standard schematic components (e.g., passive
components, diodes, and transistors) are assigned directly within the schematic,
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Figure 2.4: Section of the input parameter file to control the SPU-112
operation in a generic test-function. Controls for general operation, signal
sourcing, and tracing are available.
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while the parameters associated with ATE control are assigned to the top-
level symbols of the ATE resources by compiling an input parameter file,
whose basic structure for a specific ETS-88 resource is shown in Fig.2.4.

Different TFs can be represented by different parameter files and executed
independently, enabling versatile debugging and rapid switching between dif-
ferent test setup configurations.

2.3 Framework Usage

This section describes the configuration of SystemC-AMS and of the CO-
SIDE environment required to operate within the proposed framework and
to instantiate a new test hardware configuration. The main purposes of this
section are to support the reproducibility of the presented results, and to fa-
cilitate extension of the methodology to additional test scenarios. The main
steps to configure the development environment are summarised as follows:

� A new project is defined within the COSIDE environment. Within this
project, separate libraries are allocated to the test hardware schematic
and to the models of the DUT.
The library configuration includes a blank parameter file, representing
a blank TF, which can be subsequently modified according to the target
test configuration.

� The required framework libraries are referenced within the project con-
figuration files and in the schematic editor to enable interaction and
graphical integration of external components. These libraries include
the ATE models and the needed electrical components.
If required, built-in libraries for added analog fidelity2 are referenced
within the configuration files.

� Instances of the required ATE resources and the DUT model are in-
stantiated within the test hardware schematic. A dedicated module is
included to map the parameters defined in the TF parameter file to the
top-level schematics of the ATE resources.

� The test hardware schematic is designed within the newly created
schematic view, by defining all the necessary connections with the ATE
and the DUT. During this process, rapid mixed-signal simulations can
be executed to support debug and validation of the configuration.

2The built-in NgSpice and PWL libraries are introduced in Chapter 3.
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Chapter 3

Components Modelling

As previously introduced, basic libraries of components to enable the imple-
mentation of all the necessary models within the framework must be imple-
mented. SystemC-AMS natively supports a variety of standard electrical and
non-electrical components, that can be used as building blocks to implement
more complex models and functionalities.

The built-in components which result particularly useful for the target
application are listed below:

� ELN components - standard electrical components that can be con-
nected together to form an ELN network, prioritising analog fidelity
with a compromise on simulation speed. ELN components include re-
sistors, capacitors, inductors, voltage and current sources, simple mea-
surement instruments, etc.

� Piece Wise Linear (PWL) components - part of the PWL library.
They offer linearised models of non-linear and complex electrical com-
ponents (diodes, transistors, etc.), balancing between simulation per-
formance and analog accuracy.

� SPICE components - part of the NgSpice library. They can be im-
ported and linked to SystemC-AMS schematics to significantly increase
the level of analog fidelity at the expense of simulation speed.

In this chapter, an overview of the implemented component libraries for
schematic design and model implementation is given. The model of a PN
diode is presented as an example of a non-linear model built from the ground-
up. Finally, an overview of the different available abstraction levels for equiv-
alent components is given.
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Figure 3.1: Sample collection of modelled schematic components. Two
components are shown for each implemented type.

3.1 Schematic Components

The built-in SystemC-AMS components are limited in both complexity and
selection, especially considering the scope of the target application. In the
presented work, three types of components, distinguished by the nature of
their functionality, have been modelled and added to comprehensive libraries:

Generic components include behavioural, general-purpose models of
widely used electrical components, such as various types of diodes and relays.
Given the general-purpose nature of these components, they are customis-
able in their operation and specifications by editing the top-level parameters.
These components are useful during schematic design to identify the target
component specifications for a specific application.

Proprietary components consist of behavioural models of commer-
cially available electrical components. These models follow data-sheet spec-
ifications and include passive elements with fixed values within the internal
hierarchies. Given the black-box nature of these components, they are not
externally customisable.
These components are useful during schematic design to compare similar
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available options of a set component and finalise the design.

Functional components are non-electrical, and are used to standard-
ise the implementation of complex signal-related features, such as slew-rates,
signal digitisation, TDF cluster decoupling, and placeholder connections.

As an example, a collection of modelled components is shown in Fig.3.1.

3.1.1 Non-linear modelling

Non-linear component models are natively available within the PWL and
NgSpice libraries. To better suit the application, additional models of non-
linear components, that prioritise simulation speed, can be purposely imple-
mented by employing specific features of TDF networks. As an example, the
functionality of a modelled PN diode is presented.

The diode schematic is shown in Fig.3.2. The voltage difference across
the terminals (∆V ) is measured, converted to a TDF signal, and provided as
input to the TDF network. The diode control module regulates the value of
the variable resistance (RD) and performs the subtraction of the threshold
voltage (VTH), distinguishing between the ON and OFF states. The reverse
breakdown phenomenon is also modelled through the breakdown resistance
value (RBD). To summarise:

∆V < VBD → RD = RBD

VBD ≤ ∆V ≤ VTH → RD = ROFF

∆V > VTH → RD = RON

As visible in the schematic, the diode functionality is based on the existence
of an internal feedback loop. ∆V sets RD, but RD has a direct influence on
the value of ∆V . This kind of circular dependency within TDF networks
cannot be analytically resolved by the SystemC-AMS kernel solver, and a
delay of at least one time-step must be applied to the update of the TDF
signal which sets the value of RD.

Depending on the current size of the time-step, this can lead to insta-
bilities and contradictory states. If, for example, at a specific instant t1 the
diode encounters a off-to-on state transition, the resistance value will not be
updated until the next time-step is calculated.
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Figure 3.2: Top-level schematic of the TDF based behavioural model of a
PN diode. TDF modelling constructs are highlighted.

Considering subsequent time-steps, the following situation is configured:

t0 : ∆V < VTH , RD =ROFF

t1 : ∆V > VTH , RD =ROFF

t2 : ∆V > VTH , RD =RON

The time step t1 is contradictory, and depending on the behaviour of the
networks surrounding the diode, can generate convergence errors. Within
the SystemC-AMS environment, this can be solved by implementing a time-
step recalculation instruction, which is executed every time a state transition
condition is detected. The new system evolution is given by:

t0 : ∆V < VTH , RD = ROFF

t1 : ∆V > VTH , RD = ROFF

t1∗ :∆V > VTH , RD = RON

t2 : ∆V > VTH , RD = RON

At the expenses of a single time-step, which increases the total simulation
time by a negligible amount, feedback-generated convergence errors can be
avoided as shown.
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Figure 3.3: Example of the multiple abstraction levels available for a PN
diode, ordered for increasing analog accuracy (and decreasing simulation
speed)

3.2 Abstraction Levels

As previously introduced, NgSpice components can be imported into SystemC-
AMS schematics by enabling the necessary settings. If a simulation is started
on a schematic that includes a NgSpice component, the built-in NgSpice
simulator solves the ELN network associated with the NgSpice component,
prioritising analog accuracy at the expense of simulations speed.

Considering the built-in, and newly implemented models, a wide range of
different abstraction levels is available for different specific components, as
shown as an example in Fig.3.3 for the PN diode.

Electrical components with different abstraction levels can coexist within
the same schematic, and can be selected according to the level of analog
fidelity required for the specific circuit section1.

1This concept is applied for the test concept shown in Chapter 6.
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Chapter 4

ATE Models Development

A fundamental step in the implementation of the framework is the ground-up
development of models for the selected ATE resources, accounting for their
specifications and main features [38]. Following the previously introduced
modelling principles, the primary requirement for the developed models is to
be ready to be imported and connected within a test hardware schematic,
and to be controllable by the user from the top-level, without the need to
access or modify their internal hierarchy.

It is important to notice the developed methodology can be applied to
several models of ATE, given the typically modular nature of ATE resources.

As previously mentioned, the chosen ATE is the Teradyne ETS-88, one of
the most widely used instruments for the automatic mixed-signal testing of
semiconductor devices involved in power management. It is characterised by
a variety of different application-specific resources packaged within a highly
customisable and configurable environment, with a strong emphasis on cost-
efficiency, test parallelisation, and ease of control through a powerful, unified
control software.

The selection of the ATE resources to be modelled follows the specific
configuration of the ETS-88 chosen for the development of the test solutions
presented as case studies1. This configuration is highly versatile and allows
comprehensive testing of a wide range of semiconductor devices.

In this chapter, the models of the selected ETS-88 resources are presented,
highlighting their key features and functionalities.

1Case studies are presented in Chapters 5 and 6.

29



4.1 Top-Level

In Fig.4.1, the ready-to-connect symbols of the modelled resources are shown.
The modelled resources include: Smart Pin Unit 112 (SPU-112), Analog Pin
Unit 12 (APU-12), Digital Pin Unit 16 (DPU-16) with integrated Quad Time
Measurement Unit (QTMU), and Control Bits (CBITS).

The ETS-88 provides power supply units with various standard voltage
levels (±5V,±12V, 15V , etc.). These power supplies are used to power com-
ponents on test hardware, and are modelled within the framework as current-
limited ideal voltage sources. No dedicated symbol is therefore implemented
for their representation.

Figure 4.1: Top-level view of the models of the selected Teradyne ETS-88
resources. For clarity, the parameters associated to each resource are listed
omitting their default values.
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4.2 Smart Pin Unit 112

The SPU-112 is a quad-stackable-channel high-power voltage and current
source, featuring selectable voltage and current ranges, ability to operate in
Arbitrary Waveform Generator (AWG) mode, and capability to capture in-
put signals with a 500kSPS signal digitiser.

The top-level schematic of the SPU-112 model is shown in Fig.4.2. The
schematic of the SPU-112 single channel model, shown in Fig.4.3, includes
the following modules and components:

� Ideal PWL sources generate the TDF signals for voltage and current
according to the resource specifications. Random offset and noise are
added to account for the source non-ideality. The resulting TDF signal

Figure 4.2: Smart Pin Unit 112 model top-level schematic view
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is sampled by a TDF-to-ELN converter module and provided as input
to the main ELN network.

� Signal tracers for voltage and current are available for each channel.
Input and output signals passing through the SPU-112 main ELN net-
work are converted back to TDF signals, and a dedicated TDF decou-
pler module samples them at the proper sampling rate (500kSPS).
A slew-rate module accounts for the maximum slew-rate of the digitiser
(measured within a targeted experiment at approximately 0.2V/µs).
The resulting TDF signals are saved into a trace file, which can be
produced on-demand with selectable start and stop times.

� The range checker module monitors the values of input and output
voltage and current passing through the SPU-112 main ELN network
and produces specific warning messages to the user terminal, halting
the running simulation, if the resource capabilities are exceeded for the
selected settings.

� The channel control module configures the various operational modes
of each SPU-112 channel (force current, force voltage, measure), by
opening and closing ideal switches along the main ELN network.

� Specific passive components account for the SPU-112 input and output
resistance and capacitance.
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4.3 Analog Pin Unit 12

The APU-12 is an intermediate power 12-channel analog control unit, ca-
pable of voltage and current sourcing with different selectable ranges, signal
digitalisation, AWG capability, and fully controllable multiplexing between
the different channels.

The single channel and top-level schematics of the APU-12 model are
shown in Fig.4.4 and Fig.4.5. The main modelled features include:

� The multiplexing between the different channels is controlled by ideal
switches that enable or disable signal paths. The configuration is per-
formed by the mux control module, that translates the top-level pa-
rameters selected by the user into a resource configuration.

� Within the single channel, a dedicated APU source module generates
voltage curves according to the source specifications in terms of rise
and fall times, and maximum current ratings.

� The range checker module monitors the signal values along the ELN
network and produces warning messages if the capabilities are exceeded.

� Specific passive components account for the APU-12 output resistance
and capacitance.

Figure 4.4: Analog Pin Unit 12 model single channel schematic view
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4.4 Digital Pin Unit 16

The DPU-16 is a 16-channel high speed I/O digital control unit with se-
lectable high and low voltage levels, and an integrated Quad-Time-Measurement-
Unit (QTMU).

The single channel and top-level schematics of the DPU-16 model are
shown in Fig.4.6 and Fig.4.7. The main modelled features include:

� Within the single channel, a dedicated DPU source module generates
digital signals according to the source specifications in terms of rise and
fall times, and maximum current ratings.

� The range checker module monitors the signal values along the ELN
network and outputs warning messages if the capabilities are exceeded.

� Specific passive components account for the DPU-16 output resistance.

The QTMU is a time measurement resource capable of detecting crossing
events of trigger voltages, with selectable levels and edge types. The QTMU
is natively multiplexed to the DPU-16 channels and, in the presented model,
is directly integrated into the DPU-16.

Figure 4.6: Digital Pin Unit 16 model single channel schematic view
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4.5 Control Bits

The CBITS are a bank of 16 low-side switches dedicated to relay control on
test hardware, capable of driving coils with operating voltages up to 24V .

The single channel and top-level schematics of the CBITS models are
shown in Fig.4.8 and Fig.4.9. The main modelled features include:

� The maximum voltage and current ratings are enforced by a limit checker
module, that produces specific warning messages if the limits are ex-
ceeded. This limits the number of relays controllable by a single CBIT.

� Specific active and passive components account for the CBITS impedance
characteristics.

Being low-side switches, CBITS work in complementary logic and must be
connected to the negative terminal of the relay coil to properly control it.
The positive coil terminal must be powered through a built-in power supply.

Figure 4.8: Control Bits model single channel schematic view
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Chapter 5

Application - Gate Driver Test
Solution Development

The first main application of the framework to an industrial test scenario is
the development of the full test solution for an industrial innovation device.

The device to be tested is a gate driver for silicon carbide (SiC) transistors
equipped with a built-in over-current protection mechanism based on an
IC with current readout capability, which can switch off the transistor and
trigger the clamping of the output voltage. Configuration and trimming of
several operational parameters and DFT functionalities is available through
I2C communication with the device.

In the scope of the presented work, the development and validation of
the test solution serves as a powerful case study, to validate and improve all
the main functionalities of the framework after the development of the first
operational iteration.

In the following sections, after a general introduction and an overview of
the designed probe-card, solutions for the measurements of the main opera-
tional parameters of the gate driver are presented. A brief overview of the
statistical analysis of the produced data are presented as conclusion.

5.1 General Aspects

The test solution development, which has been followed from the beginning
to the closure, is comprehensive of the following steps:

� The test-plan is developed according to the standard industrial prac-
tices and all the key parameters and functionalities to be tested are
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defined, including their lower and upper limits, and allowed measure-
ment tolerances. In this phase, the first blueprint of the TP is coded
and debugged offline1.

� The first iteration of the application board for the test of packaged
sample devices is designed. After the physical manufacturing, the test
board is debugged together with the TP and the associated DUTs.

� The wafer probe-card is designed. After the physical manufacturing,
the probe-card is interfaced with the wafer prober through a driver
software and debugged together with the first sample wafers. The TP
is finalised for the automatic wafer testing phase.

� Data are collected on the automatically tested wafers, and statistical
analysis is performed as the final product of automatic test develop-
ment. The produced analysed data are employed for further debug and
improvement of the device, and to prepare the final production test.

5.1.1 Probe-card design

The principal applications of the framework within the development of the
test solution are the design and validation of the test hardware and the
tuning of specific sections of the TP. Given the redundant nature of the test
hardware for package-level and wafer-level testing, the probe-card is used as
a test hardware representative example in the following sections.

The schematic of the designed probe-card is shown in Fig.5.1. A pur-
posely developed behavioural model of the DUT describes its interaction
with the test setup (ATE and test hardware) by numerical models and elec-
trical components included in its hierarchy.

The general robustness of the test hardware, in terms of correctness of the
implemented connections and avoidance of accidental short circuits, is often
object of oversight and can lead to lengthy debug sessions and hardware
damage. As previously introduced, the single top-level schematic approach
allows efficient preliminary inspection of the test setup.

The possibility to inject elementary signals from the different channels
of the ATE resources, in conjunction with the warning terminal messages
implemented for the various components, allows easy detection and fix of
improper connections.

1During this phase the TP debug is done from the point of view of the code syntax
and structure, detached from the electrical behaviour of the ATE.
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The shape and general quality of the transmitted analog and digital sig-
nals is verifiable by generating signal transitions at the ATE channel outputs,
and observing the resulting signals at the DUT pins, after their interaction
with the test hardware components.

5.1.2 Test program

The TP follows an industry-standard structure, typically implemented for
similar devices, and is comprehensive of the following principal TFs:

� Coordinates data-logs the position on the wafer for each tested device.
During the data analysis, the coordinates are used to reconstruct the
wafer maps and perform pattern-based analysis of the failures.

� Contact checks the contact robustness between device and socket (or
probing needles). Known currents are injected at the device pads and
the corresponding voltages, resulting from the presence of Electrostatic
Discharge (ESD) protection diodes, are measured and characterised.

� Quiescent curr measures and checks the device static current consump-
tion between different device pins.

� I2C checks the robustness of the I2C communication between ATE
and device. Test words are written and read back from all the digital
registers of the device.

� Clamp measures and characterises the voltage clamping curve at the
gate driver output. A digital signal triggers the voltage clamping ac-
tion, and digital registers are used for configuration.

� Wu time measures the device wake-up time, defined as the device re-
sponse time when turned on in fault condition, with different loading
configurations. Proper synchronisation of the involved resources is a
crucial aspect of this test.

� Trip measures the value of the trip current, defined as the necessary
current value to trigger the over-current protection mechanism. Cur-
rent pulses with known amplitude are injected and the device response
is evaluated. Digital registers are used for configuration.

� Timer measures different propagation delays related to the device func-
tionality. The trends of the propagation delays with respect to the
register settings are tracked and data-logged.
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� Burn handles the e-fuses burning process for the device trimming. The
positive result of the operation is checked, and a final comprehensive
test on the burned device is performed.

5.2 Case-Studies

In the presented case studies the application of the framework allowed avoid-
ance of faulty topologies and measurement solutions that would have forced
troubleshooting and rework on the test hardware. The presented alternative
solutions for the measurement of clamp voltage, trip current, and wake-up
time are investigated within the framework and integrated into the manufac-
tured probe-card.

5.2.1 Clamp voltage

The target of this measurement is the intermediate value of the rapidly chang-
ing voltage clamping curve, shown in Fig.5.2, referred to as clamp voltage.
Circuit solutions to perform the measurement have been investigated within
the framework, allowing preparation of all the necessary connections and re-
sources within the probe-card schematic.

The original setup involved the measurement of the clamp voltage by
employing one of the SPU-112 channels in voltage measurement mode. The
slew-rate performance of the SPU-112 digitiser2 is however not sufficient, and
the resource is therefore unable to properly resolve the clamp voltage.

As shown in Fig.5.2, the behaviour of the SPU-112 in voltage measure-
ment mode is effectively predicted by the test setup simulation, and a pur-
posely implemented warning terminal message signals the exceeding of the
resource slew-rate capability to the user, allowing early investigation and
preparation of alternative solutions.

As shown in the figure, the chosen solution consists of indirectly measur-
ing the clamp voltage by digitally triggering a clamp event and measuring
the propagation delay between two known values of the voltage clamping
curve via QTMU. The start trigger (Vstart) is fixed at 11V , while the stop
trigger (Vstop) is gradually risen from 8V after each repeated clamp event.

When a significant decay of the propagation delay between two subse-
quent measurements is observed, the real clamp voltage is assumed crossed

2measured within a targeted experiment at dV/dtmax ≈ 0.2V/µs
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Figure 5.2: Clamp voltage measurement through SPU-112, comparison
between framework prediction and bench measurement

Figure 5.3: Simulated QTMU output for the indirect clamp voltage
measurement. For presentation, the measurement is performed with two
different QTMU channels, and both results are shown simultaneously.
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by Vstop, and the average between the last two values of Vstop is accepted as
the measured value of the clamp voltage:

tQTMU1 ≈ 3µs , tQTMU2 ≈ 100ns → Vclamp =
Vstop1 + Vstop2

2

The QTMU output obtained within the framework during the test setup
simulation is shown in Fig.5.3.

5.2.2 Current pulse generator

To trigger the over-current protection of the gate driver while preserving
its integrity and functionality, a current pulse with specific characteristics
(tpulse < 2µs, Ipeak > 4A) is required3. Given the limitations of the dedicated
ATE resources, an application specific current pulse generator circuit capable
of generating the target pulse by modulating the native ATE capabilities is
designed and simulated within the framework.

The main criticality of the measurement is represented by the SPU-112,
well-suited for high current applications and therefore selected for the pulse
generation. Despite being able to supply the target current (Imax = 12A),
the SPU-112 is not capable of fast enough switching, and would expose the
DUT to high currents for a critical amount of time. An application-specific
current pulse generator circuit is therefore designed.

The chosen architecture, shown within the probe-card schematic in Fig.5.1,
is based on the charging of a large inductor-capacitor pair (Lpulse = 470µH,
Cpulse = 100µF ) and the well-timed switching of a n-channel power MOSFET
for a brief period of time (tpulse = 0.75µs).

When the MOSFET is turned off, the inductor Lpulse acts a current gen-
erator, and discharges a semi-constant current through the DUT. The capac-
itor Cpulse, together with the snubber branch (RS - CS), dampens unwanted
voltage and current oscillations.

The amplitude of the current pulse is controllable by varying the SPU-
112 current used to charge the Lpulse inductor, and the pulse duration tpulse
is controlled by the width of the digital pulse used to switch the MOSFET
gate driver. The simulated time diagram of the circuit is shown in Fig.5.4.

To validate the robustness of the proposed methodology against the stan-
dard approach, a similar circuit has been designed with ideal components and

3The tpulse quantity is in this scenario defined as the length of time the current through
the DUT is greater than 4A.
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Figure 5.4: Time diagram of the current pulse generator circuit.
Simulations are performed within the framework.

Figure 5.5: Current pulse generation - comparison between framework
prediction, SPICE simulation, and bench measurement
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by emulating the ATE with ideal sources. Preliminary simulations have been
performed in the Cadence PSpice simulator, confirming shape and general
size of the predicted current pulse.

The comparison between simulations and measurement of the current
pulse generation is shown in Fig.5.5. The current pulse predicted by SystemC-
AMS has Ipeak ≈ 4.61A and tpulse ≈ 0.72µs.

After the integration within the physical probe-card, oscilloscope mea-
surements of the current pulse have been performed, and the following can
be observed:

Firstly, the measured current pulse presents an evident oscillatory be-
haviour during the peak current phase. Despite being underestimated in
duration, this behaviour is predicted by SystemC-AMS and oversighted by
PSpice. This effect results from the better fidelity of the modelled setup to
the physical one, with respect to the simplified version simulated in PSpice.
The SystemC-AMS setup results in more accurate predictions despite the
greater analog accuracy offered by PSpice.

Secondly, the measured current pulse presents longer rise and fall times
with respect to the ones predicted by SystemC-AMS and PSpice. This is
likely due to parasitic passive components along the network that are not
accounted for in the simplified models.

In conclusion, the framework offered valuable insight into the current
pulse generation, and allowed preparation of a proper setup. Results for sim-
ilar applications are expected to improve as the models of ATE and electrical
components are furtherly developed.

5.2.3 Wake-up time

The target of this measurement is the is the DUT wake-up time, defined as
the time required by the DUT to react when it is turned on while the fault
condition is verified. Specifically, the DUT wake-up time is defined as the
time between the rise of the supply pin VDD (turn-on), and the fall of the
digital pin D1 (response to the fault condition).

The chosen resource to supply power to the DUT is the APU-12, well
suited to supply intermediate voltages with good accuracy. Similarly to the
previous case, the slew-rate performance4 of the APU-12 is not sufficient and

4Measured within a targeted experiment at dV/dtmax ≈ 1.1V/µs

48



Figure 5.6: DUT wake-up time observed when the DUT is supplied directly
by an APU-12 channel

Figure 5.7: DUT wake-up time observed when the DUT is supplied by a
gate driver controlled through a DPU-16 digital channel
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leads to a slowly rising VDD, a slowly falling D1, and a general uncertainty
and added error to the wake-up time measurement, as shown in Fig.5.6.

The investigated alternative solution involves the use of a gate driver to
supply power to the DUT. As shown in Fig.5.7, this significantly decreases
the rise time of VDD and the fall time of D1, and helps better defining the
wake-up time measurement. In this case:

twu = tV DD=2V − tD1=2V ≈ 100ns

To preserve the versatility of the APU-12 direct connection to the DUT sup-
ply pin, the possibility of alternatively connecting the gate driver is imple-
mented within the probe-card through CBITS-controlled relays. As visible
from the figures, the behaviour of the DUT under different supply conditions
is effectively predicted by the framework, which is able to offer valuable in-
sight and allow preliminary investigation of the available possibilities.

5.3 Data Analysis Results

The test program is executed on silicon wafers containing approximately
12,000 devices, and approximately 100 measured parameters are saved for
each device. The produced raw data results therefore of relevant size, and a
streamlined way to manage and analyse these data is mandatory.

The raw data are processed with a proprietary program that formats
the acquired measurements into standardised tables, that can be opened in
standard data analysis software. For this test solution, a Microsoft Excel
installation equipped with purposely made proprietary tools, suited for test-
data analysis, is employed to generate wafer maps, graphical distributions,
and summary reports. An example of a complete wafer map is shown in
Fig.5.8, and the relative yield summary is shown in Fig.5.9.

Comprehensive maps of the tested wafers can be generated by mapping
the test data to the device coordinates indexed by the wafer prober, to visu-
alise and investigate the emergence of failure patterns related to the position
of the dies on the wafer. Wafer maps are especially useful when multiple
wafers from a lot are tested, and the emergence of production-related failure
regions can be observed on subsequently tested wafers, and used to provide
useful input to diagnose and improve the wafer manufacturing process.

The data collected on the measurements presented as case studies (Vclamp,
Itrip, twu) is shown in Fig.5.10, Fig.5.11, and Fig.5.12. The wafer maps show
the clear presence of position-based deviations in the considered parameters.
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Figure 5.8: Wafer map from the test of a complete silicon wafer. Different
failure mechanisms are highlighted in different colours to facilitate the
recognition of failure patterns. Deviation from the ideal behaviour are
noticeable near the top and the bottom of the wafer.
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Figure 5.9: Yield data summary from the test of a complete silicon wafer

Figure 5.10: Distribution and wafer map for the clamp voltage
measurement on a full silicon wafer
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Figure 5.11: Distribution and wafer map for the trip current measurement
on a full silicon wafer

Figure 5.12: Distribution and wafer map for the wake-up time measurement
on a full silicon wafer
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Chapter 6

Application - Peak Current
Test Concept Development

Isolated gate drivers provide the same core functionality as standard gate
drivers while incorporating galvanic isolation between the low-voltage control
circuitry and the high-voltage power circuitry, enhancing protection against
noise, voltage spikes and interference effects. Multiple technologies are avail-
able to achieve the necessary isolation, including capacitive coupling and
coupling based on transformers.

A key parameter for the characterisation of isolated gate drivers is the
high-level output peak current, defined as the value of the DUT output current
when the digital input pin is triggered, measured after the settling time.

Within the current industrial practice at the host company, the high-level
output peak current is reported in data-sheets as a bench-measured param-
eter, characterised on a limited number of samples [39]. In the following
case-study, test circuitry to perform the measurement at the ATE level is
investigated and validated. Specifically, an application board to interface
the packaged devices with the ATE and perform the peak current measure-
ment is designed, manufactured and subsequently validated through targeted
laboratory measurements.

This case-study serves as a powerful application of the proposed frame-
work, in which all the principal implemented features are employed to assist
the full development of an industrial test concept.
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Figure 6.1: Behavioural model of the isolated gate driver output current

6.1 Motivation and Concept

A behavioural time-diagram of the DUT output current is shown in Fig.6.1.
Measuring the high-level output peak current (referred to as peak current
for the remainder of the chapter) at the ATE level presents two primary
challenges that must be addressed and overcome.

The first critical aspects is related to the circuit supply. The current
drawn by the DUT must be provided by the ATE and, given the limitations
of the dedicated resource1, a custom supply stage is required.

The constrains of the available ATE resources also impact the measure-
ment of the peak current. As shown in the figure, the current transient event
occurs within less than 50ns, and a sufficiently high bandwidth is required
for the acquisition. A dedicated stage that provides fast enough acquisition
must therefore be designed.

Overall, an application-specific circuit that satisfies all the project specifi-
cations needs to be developed and validated. Particular focus must be placed
on the long-term reliability of the measurement stage, to allow integration
into the standard test hardware for isolated gate drivers.

1The power output must be maximised. The SPU-112 is therefore employed.
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Figure 6.2: Conceptual block diagram of the peak current measurement
circuit

6.1.1 Board concept

In Fig.6.2 the conceptual schematic of the test hardware is presented. Ex-
cluding the ATE and the DUT, it is comprehensive of three main components:

A buffer capacitor placed at the DUT supply pin is pre-charged before
the test and used to provide the current drawn by the DUT. The capacitor
is dimensioned optimising voltage drop, charge, and discharge times.

A voltage converter stage placed before the DUT can be used to boost
the output voltage of the SPU-112, effectively creating an intermediate I-V
range to optimise the buffer capacitor charging time. The voltage converter
incorporates a bypass mechanism to allow direct charging of the buffer ca-
pacitor if required.

A peak detector stage performs the peak current measurement indi-
rectly. The DUT output current is sensed on a shunt resistor and converted
into a voltage. Following proper amplification and sampling on a peak de-
tector circuit, the voltage measurement can be performed on the sampled
voltage value using an APU-12 channel without time constraints.

6.1.2 Test program

The TP is developed within the standard ETS-88 MST software, and is
comprehensive of three main TFs:

� HW check implements the hardware verification functionality, which
ensures long-term circuit reliability. The DUT circuitry is completely
bypassed by relays, and the SPU-112 is operated in current mode to
directly supply known current values to the measurement stage. The
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measured voltages are compared with the expected values to detect
drifts and anomalous behaviours in circuit operation.

� Peak meas manages the DUT power-up sequence and the triggering of
the digital signal, and performs the formal measurement on the peak
current. This TF implements a conversion function, that translates the
measured voltages into the corresponding current values.

� The HW debug TF contains code for the test of various circuit func-
tionalities through code sections that can be individually activated.

6.2 Test-Board Design

The test board has been designed within the SystemC-AMS framework, with
occasional use of Cadence PCB to run PSpice double-check simulations on
the most critical aspects of the circuit functionality.

Subsequently, the board schematic is imported and converted to the Eagle
PCB software to finalise the board design and prepare the layout for the
manufacturing process.

6.2.1 Power booster

The SPU-112 is capable of delivering up to 12A in its highest power setting.
The current rise time of the resource is however insufficient to support the
rapid current spike.

The straightforward solution to this limitation is the adoption of a buffer
capacitor to store charge before the test, and supply the required current
during the event, at the expense of the additional charging time.

The minimum value of the buffer capacitor can be found by integrating
the current curve shown in Fig.6.1, according to the following relation:

I = C · dV
dt

→ Cmin = I · ∆tmax

∆Vmax

(6.1)

∆tmax is the maximum total on-time triggered by the digital signal. Given the
test requirements, a maximum total on-time of 100µs is assumed2. ∆Vmax

represents the maximum allowed voltage drop due to the presence of the
contact resistance. Considering the DUT on and off-voltages:

∆Vmax = V DDmax − V DDmin = 40V − 15V = 25V

2The brief duration of the initial current peak relative to the total event time justifies
the assumption of constant current.
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Figure 6.3: Schematic of the booster converter to improve the SPU-112
current capability

From Eq.6.1, results:

Cmin ≈ 48uF → Cbuffer = 50uF

If the buffer capacitor is properly charged during the circuit start-up, it is
capable of supplying all the necessary current during the high current event,
while maintaining the voltage drop within acceptable limits.

The I-V setting of the SPU-112 with the highest current output (12A −
30V ) is chosen to rapidly charge the buffer capacitor. Considering a maxi-
mum predicted socket contact resistance of 1.5Ω, the initial supply voltage
required at the DUT supply pin to avoid turn-off during the high current
event is:

V DDinit = V DDmin + Imax ·Rcont = 37.5V

Consequently, the highest current setting is insufficient to provide the target
voltage. A first possible solution is to employ the next available I-V setting
for the SPU-112, 0.5A − 100V , at the expense of an increased capacitor
charging time, which can be estimated as:

tcharge ≈ 5 · τ = 5 · C · Vsrc

Imax

= 5 · 50µF · 37.5V
0.5A

≈ 20ms

This charging time is considered acceptable given the single-measurement
nature of this test.
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For the future scalability of the methodology, an option to reduce the
buffer capacitor charging time by at least an order of magnitude is however
investigated.

A voltage booster, implemented as a duty-cycle controlled booster con-
verter with a comparator-based control loop, is integrated into the test hard-
ware3. The voltage booster effectively functions as a SPU-112 range con-
verter, that transforms the 12A, 30V I-V setting into an intermediate 8A, 40V
I-V setting using a duty cycle D = 0.5.

This range transformation significantly reduces the buffer capacitor charg-
ing time:

tcharge = 5 · 50µF · 37.5V
8A

≈ 0.25ms

The schematic of the designed voltage converter is shown in Fig.6.3.

6.2.2 Current peak detector

For the initial iteration of the test concept, two version of the peak detector
circuit have been designed and integrated into the test hardware. The two
versions are based on the same topology, but differ in the nature of their
output stage.

The current waveform produced by the DUT (Ipeak ≈ 15A) is firstly
converted into a voltage waveform (Vpeak ∼ 1.5V ) via a current sensing stage,
comprehensive of a 10mΩ shunt resistor and a 40dB (G = 100) low-noise
operational amplifier4.

A sample-and-hold circuit follows this stage. The amplified voltage charges
a sampling capacitor that is specifically dimensioned to capture the voltage
waveform at the appropriate instant. The sampled voltage can be subse-
quently measured using an APU-12 channel5, and the value of the peak
current can be derived by applying a specific mathematical relationship, cal-
culated during the circuit calibration phase.

The first version of the current peak detector, shown in Fig.6.4, uses
a high-output-current (Iout = 250mA) operational amplifier as a current-
boosting stage. The first sizing of the sampling capacitor is done considering
as a target the sampling of the initial high current peak itself, occurring after
approximately 20ns after the digital trigger:

3The voltage booster is not used for the validation phase presented in this dissertation.
4The gain figure is presented considering the OpAmp-based peak detector.
5The voltage is acquired without time constraints, aside from the capacitor leakage.
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Figure 6.4: Schematic of the peak detector circuit based on a shunt reading
stage and a current-booster amplifier

Figure 6.5: Simulation of the current peak sampling with different values of
Csamp. With the right value of Csamp the current value immediately after
the initial peak is intercepted and sampled.
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Csamp =
I ·∆t

∆V
=

250mA · 20ns
1.5V

≈ 3nF

As shown in Fig.6.5, the value of the sampling capacitor is subsequently
increased until the voltage rise across Csamp is sufficiently slowed down to
intercept the current waveform at the right instant.

The peak current is defined as the current value immediately following
the initial peak, to account for oscillations and losses in the real circuit. In
simulation, a final theoretical value of 10nF is determined for the sampling
capacitor6, and included into the initial iteration of the test hardware.

The second version of the current peak detector uses a high output cur-
rent BJT (Iout = 3A) for the current-boosting stage, allowing the use of an
intrinsically larger sampling capacitor (35nF ).

6.2.3 Test bench

The COSIDE SystemC-AMS test bench for the developed hardware is shown
in Fig.6.6. The simulation setup includes: Models of the Teradyne ETS-
88 employed to generate all the required signals and perform the relevant
measurements, test hardware comprehensive of the power supply unit and the
two peak detector circuits, and a functional model of the DUT to emulate the
high-current event. The three TFs are associated to three different parameter
files, enabling versatile debug of the test concept.

The different circuit configurations (calibration and measurement with
the two peak detectors) are selected on the test hardware via CBIT-controlled
relays. Within the simulation environment, ELN dummy connectors are
toggled on and off7 to replicate the same functionality.

This case study is an example of a lower-level investigation focused on
the analog behaviour of the involved components. The NgSpice and PWL
libraries are therefore employed.

6This value is later adjusted on the physical hardware following measurements
7The ignore feature is used in COSIDE to exclude components from the netlist.
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6.3 Eagle PCB Conversion

The test hardware schematic is converted to the Eagle PCB software for
the manufacturing process. Eagle PCB facilitates efficient parallel design
and layout, by tracking schematic modifications and mirroring them in the
layout view in real time.

6.3.1 Test-board design

In this phase, the ideal or modelled components must be replaced with suit-
able commercially available options. Particular attention must be given to
the components selection, ensuring compliance with all specified require-
ments. Additional supply paths, connections, and electrical parts must be
incorporated as needed for specific components, in accordance with recomen-
dations provided in their data-sheet application sections.

The final board design, as implemented in the Eagle PCB software, is
shown in Fig.6.7.

6.3.2 Test-board layout

The layout of the test hardware is realised following established industrial
PCB layout practices [40]. The final layout-view is shown in Fig.6.8.

The board layout follows a standard template for test concept application
boards, featuring specialised connectors on both sides of the board that carry
all the necessary signals to a bottom board for routing to the ETS-88.

A total of five routing layers is used, which are split into three layers
for signal routing, one layer dedicated to power paths8, and one layer fully
reserved to the ground plane to minimise ground voltage swinging and ensure
a direct ground-return path for every circuit node.

To minimise heat generation and mitigate damage risk, the high-current
paths are implemented using larger traces and vias. Large capacitors are
placed as close as possible to their interacting components to minimise trace
length and reduce the risk of interference.

An extensive set of test points is included in the schematic to facilitate
the validation process.

The final manufactured board is shown in Fig.6.9.

8A standard supply voltage of 12V is used.
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Figure 6.10: Oscilloscope reading of the peak current measurement event on
the manufactured test hardware

6.4 Laboratory Measurement

The standard validation process defined at the host company involves a series
of formal measurements targeted at assessing the accuracy, repeatability and
reliability of the peak current measurements performed by the test circuit.

As an example, the oscilloscope reading of the measurement of a current
peak event is shown in Fig.6.10.

6.4.1 Calibration process

Following an initial assessment of the overall functionality and robustness of
the hardware, the calibration process is carried out.

As previously mentioned, in calibration mode the relays on the test board
configure the circuit to completely bypass the DUT related circuitry, and the
SPU-112 is operated in current mode to supply a known current level directly
to the peak detector shunt. The APU-12 measurement is subsequently per-
formed, and the resulting voltage is correlated to the sourced current value.

This process is iterated for current levels ranging from 0 to 12A, and
the resulting data are interpolated to construct a mathematical relationship
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Figure 6.11: Oscilloscope reading of the peak current measurement circuit
calibration

Figure 6.12: Relationship between measured voltage and sourced current in
calibration mode. A current threshold of approximately 2A is necessary to
activate the peak detector diode.
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relating any measured voltage to the corresponding current value9. The
derived relationship is:

Vmeas = 0.197 · Isource − 0.143 → Ipeak =
Vsamp + 0.143

0.197
(6.2)

The obtained relationship is inverted and applied during peak current mea-
surements to derive the current value from the sampled voltage. The oscil-
loscope reading from the circuit calibration is shown in Fig.6.11, while the
voltage-current relationship data are reported in Fig.6.12.

For the remainder of the chapter, the peak current values derived from
Eq.6.2 are directly given as results.

6.4.2 Repeatability tests

To evaluate the repeatability of the hardware measurements, two sets of
time-delayed measurements are carried out and subsequently correlated.

A total of 40 devices, classified as low-current and high-current devices,
are characterised in sequence. The hardware is powered down and, following
an appropriate cool-down time, the measurement sequence is repeated.

The resulting data are analysed in terms of Mean Percentage Error (MPE)
and Mean Absolute Percentage Error (MAPE), to screen for systematic drift
in the hardware performance and to asses the overall repeatability. The
obtained results are reported in the table below:

Low-current devices High-current devices
N MPE MAPE N MPE MAPE
20 0.37% 0.76% 20 0.01% 0.61%

For both the low-current and high-current devices, the data do not in-
dicate any significant systematic drift in the measurements, and for both
low-current and high-current devices, the absolute deviation remains within
the accepted limit (conventionally set at MAPE≤ 1%).

6.4.3 Looping tests

Looping tests represent a crucial evaluation for measurement setups in ATE
environments, as they verify the hardware reliability under large quantities
of measurements with minimal delay between the events.

9The calibration current is limited by the 12A SPU-112 current limit.
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Figure 6.13: Results of the 1000-tries looping test performed on
high-current devices

In this specific application, 1,000 looped measurements have been per-
formed on four distinct devices to assess drift in the circuit performance,
and the possible onset of hardware degradation. It is important to observe
that careful attention must be paid to preserve environmental conditions
(temperature, humidity, etc.) during looping tests, which often span several
hours of run-time, and may be affected by gradual drifts in the environmen-
tal conditions (i.e. local temperature rise caused by the test setup power
dissipation).

The results of the loping tests are presented in Fig.6.13, and summarised
in the table below:

Results [A] Low-current devices High-current devices
Avg 4.68 15.77
Min 4.63 15.66
Max 4.73 15.89
Stdev 0.02 0.04

Looping tests are also performed with the contact between device and
socket broken after each test, to evaluate the sensitivity of the measurement
to the contact resistance. An average increase in the standard deviation of
approximately 0.045A is observed across the different devices. This increase
is expected and remains within the accepted limit.

70



6.4.4 Bench correlation

Bench correlation tests are performed to verify the validity of the ATE mea-
surement against the bench measurements performed on the minimum pos-
sible hardware.

A purposely designed application board, shown in Fig.6.14, is employed
for bench measurements. It incorporates all the required signal paths and
accessory components to manage the DUT operation and perform the target
measurements. The interaction with the DUT is managed using standard
laboratory equipment, including function generators, power supplies, and
oscilloscopes.

Due to the sensitive nature of the measurement, two different setups have
been adopted to acquire the current curve, with their schematics schematics
shown in Fig.6.15.

In the first approach, analogously to the automatic test hardware, the
current peak is read on a 10mΩ shunt resistor. The oscilloscope reading is
shown in Fig.6.16. Given the small voltage values involved, this bench test
shows limited reliability and significant sensitivity to external conditions.
The second approach is therefore preferred.

In the second approach, a high-bandwidth current probe is used to di-
rectly measure the current peak on a looping wire10. This method is charac-
terised by a limited bandwidth which suppresses spikes and high frequency
behaviour. The oscilloscope reading is shown in Fig.6.17.

Results for the Percentage Error (PE) obtained from the bench correlation
tests on two sample devices are reported in the table below as an example:

Device ATE [A] Probe [A] PE
Low-curr. 4.52 4.50 -0.45%
High-curr. 14.99 15.48 +3.19%

The results indicate, as anticipated, a greater error in high-current de-
vices. In all conducted trials, the PE remains below the established limit
(5%), and the results are therefore considered acceptable.

10The wire resistance must be minimised to reduce heating and prevent over-voltages.
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Figure 6.14: Application board for the peak current measurement circuit
bench correlation

Figure 6.15: Schematic view of the measurement setup for high-current
peak output current bench correlation
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Figure 6.16: Oscilloscope reading of the shunt-based bench correlation test

Figure 6.17: Oscilloscope reading of the probe-based bench correlation test
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Chapter 7

Conclusion

In this dissertation, a methodology based on a SystemC-AMS virtual testing
framework for the development of test hardware has been proposed.

The proposed framework has proven, during its development and within
two innovative industrial test scenarios, to be an effective tool for supporting
automatic test development activities.

In detail, during the development of a test solution for an innovative in-
dustrial device, the framework demonstrated the capability to predict the
behaviour of the test setup (ATE, test hardware, DUT) under different oper-
ating conditions and to allow preparation of specific circuit configurations for
measuring crucial electrical quantities, potentially saving days of debugging
on the physical test hardware and allowing proper optimisation of the test
program in terms of test time and resources usage.

During the development of an innovative test concept, the framework
demonstrated the capability to simulate test setups with greater focus on the
analog fidelity, especially through the integration of NGSpice components,
leading to a successful measurement campaign and to the finalisation and
integration of the test concept into future standard test solutions.

The observed capabilities of the framework show appreciable potential
for further expansion and improvement, and for employment in more com-
plex test scenarios involving larger test hardware and more sophisticated test
functions.

The first functional iteration of the framework is currently in use within
the test development teams of the host company to gather additional usage
data and feedback, and to conduct a formal performance assessments under
a variety of different working conditions.
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Chapter 8

Other Projects

In the following chapter, the main side-projects followed during the Ph.D.
research period are briefly introduced, and the main produced results are
outlined. The two presented projects include:

� Development of an industry-level automatic testing laboratory, named
ATLab. The development has been followed from the identification of
the proper laboratory room and machinery, to the definitive inaugura-
tion to operational state.

� Design of a Successive Approximation Register (SAR) Analog-to-Digital
Converter (ADC) for next-generation hadron therapy imaging devices.
The converter has been designed and validated at the schematic level
through an extensive simulation process.

8.1 Automatic Test Laboratory

The Automatic Test Laboratory (ATLab) is a joint-lab established in collab-
oration with Infineon Technologies, designed and realised as an industrial-
standard facility fully dedicated to research and development in the field of
automatic testing. As part of the MUSA project, ATLab has been estab-
lished starting from the selection of the proper room within the university
buildings, followed by an extensive market research to identify the most ap-
propriate pieces of equipment. The setup phase included the installation and
configuration of all the machinery.

Currently, ATLab is fully operational and actively employed in the de-
velopment of industrial test solutions and innovative test concepts in collab-
oration with the industrial partner.
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Figure 8.1: Automatic Test Laboratory (ATLab) panoramic view.

The collection of testing equipment present within ATLab, shown in a
panoramic view in Fig.8.1, is currently comprehensive of:

� Teradyne ETS-88 Automatic Test Equipment in a custom configura-
tion, associated with a Talon5 workstation

� Cascade Tesla200 semi-automatic wafer prober, fitted with a custom
ETS-88 interface for wafer-level testing

� Mechanical Devices MAXTCpp thermal control device, allowing accu-
rate temperature regulation for package-level testing

� Tektronix MSO66B 6-channel 1GHz oscilloscope, allowing proper test
hardware characterisation and troubleshooting

The presented instrumentation, in combination with a complete set of stan-
dard laboratory equipment, provides a comprehensive environment for the
full development of test solutions for power management devices, and means
to conduct research in all the major branches of automatic test devleopmet.
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8.2 IonoTRACK ADC

Ionoacoustics aims to investigate and characterise several quantities of the
thermoacoustic signal generated after the deposition of the energy of a par-
ticle beam into an absorber material.

Ionoacoustic detectors present several advantages with respect to tradi-
tional nuclear imaging devices. Among them, they achieve sub-mm precision
and sub-ms delay with an intrinsically simpler detector architecture based
on acoustic sensors. They are therefore ideal for innovative radiotherapy
techniques, where nuclear imaging falls short in all cited aspects.

State-of-the-art ionoacoustic detectors are limited by off-the-shelf compo-
nents, whose non-optimal performance preclude proper application of ionoa-
coustic techniques in clinical scenarios, characterised by signal amplitudes as
low as tens of mPa. It is therefore necessary to design specialised electronics
to work in these experimental conditions.

In this part of the work1, a SAR ADC for new generation ionoacoustic
detectors is presented and validated at the schematic level. The ADC target
specifications are defined based on the clinical scenarios and on the require-
ments of the comprehensive acquisition chain, and all of the detector building
blocks are consequently optimised.

The proposed ADC, shown in Fig.8.2, achieves an Equivalent Number Of
Bits (ENOB) of 7.69 and a total power consumption of 160.98µW in nominal
conditions on the full frequency range. The ADC is also adequately robust
to Process-Voltage-Temperature (PVT) and mismatch variations to properly
suit the proton sound detector application.

Figure 8.2: IonoTRACK SAR ADC top-level schematic

1Turossi, Davide, et al. ”A 7.69 ENOB, 161µW SAR ADC in 28nm CMOS for Pro-
ton Sound Detectors.” 2024 19th Conference on Ph.D Research in Microelectronics and
Electronics (PRIME). IEEE, 2024.
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