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evaluation of ASIC circuits. The same software can also be used to test integrated
circuits in general in different hardware environments. A hardware setup for
automatic ASIC evaluation is presented and it is used as basis for ATAC design.
Presented software application ATAC can be used to control all hardware components
in the evaluation setup but it can also be used without the hardware components.
Hardware abstraction in ATAC makes it possible to use the same software solution in
different environments with little modifications to the software code. The process of
developing ATAC is presented as well as final application. Screenshots of GUI are
presented as well as the underlying code using state chart presentation. The software
was reviewed and assessed by end users who performed several ASIC evaluation tests
using ATAC during the software development. An example case of an ASIC
evaluation test is presented and the measurement results gathered with ATAC are
discussed.
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Integroitujen piirien automaattinen evaluointi voi tuottaa huomattavia etuja ja saastoja
yhtidlle verrattuna evaluoinnin manuaaliseen suorittamiseen. Téassa opinnaytetyssa
esitelladn LabVIEW-sovellus nimeltddn ATAC, joka kehitettiin automatisoimaan
ASIC-piirien evaluointi. Samaa sovellusta voi kéyttdd myds muiden integroitujen
piirien testaukseen erilaisissa laitteistoympéristdisséd. Laitteisto ASIC-piirien
automaattista evaluointia varten esitellddn ja taméan laitteiston kayttéon ATAC
l&htokohtaisesti suunniteltiin. Esitettyd ohjelmaa voi kéayttaa laitteiston kaikkien osien
kontrollointiin, mutta ohjelmaa voi kéyttdd myds ilman laitteistokomponentteja.
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tulosten perusteella. Esimerkki ASIC-piirin evaluointitestista esitetddn ja ATAC:n
kerdamia mittaustuloksia arvioidaan.
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Symbols and Abbreviations

Symbols

cCXx 7T~

Current
Power
Resistance
Voltage

Abbreviations

ACE
ASIC
ASL
ATAC

ATE
API
CPU
DLL
DSSP
DUT
EMI
EVM
FPGA
GPIB
GPIO
GUI
1’C
IC
IDE
MCU
NRE
OOP
PC
PCB
SPI
TDMS
UART
UML
VI
VISA

Automated circuit evaluation

Application specific integrated circuit
Application separation layer

Automated test and characterization. Name of the software developed
in this thesis

Automated test equipment

Application programming interface

Central processing unit

Dynamic-link library

Device-specific software plug-in

Device under test

Electromagnetic interference

Evaluation module

Field-programmable gate array

General Purpose Interface Bus

General Purpose Input/Output

Graphical user interface

Two-wire serial bus invented by Philips
Integrated circuit

Integrated development environment
Microcontroller

Non-recurring engineering

Object-oriented programming

Personal computer

Printed circuit board

Serial Peripheral Interface Bus

File format created by National Instruments
Universal Asynchronous Receiver/Transmitter
Unified modeling language

Virtual instrument. Basic block of LabVIEW programming.
Virtual instrument software architecture



1 Introduction

The use of integrated circuits (IC) in electronic devices has increased rapidly since the
invention of IC technology at late 1950’s. Today a modern silicon chip can hold over
hundred million transistors and the complexity of a chip has become very high [5]. At
the same time the cost of a single chip has decreased systematically [3]. The large
number of components and the complexity of a modern IC set challenges for design
and evaluation when new circuits are being developed.

Today many different IC devices are produced with different purposes and
complexities. The software presented in this thesis was developed to be used to
evaluate application specific integrated circuits (ASIC) but can also be used to evaluate
and debug various other type of circuits. Evaluation also known as characterization is a
process where the operation of a device is tested and compared against requirements
documentation and simulations. Evaluation of ASICs involves many different kinds of
tests and measurements that are performed before the device can be released for
market. This thesis focuses on the so called bench evaluation tests that are performed
on a lab setup that closely resembles the target application of the ASIC. In bench
evaluation external components are connected to the ASIC pins to match the target
application. The goal of this thesis was to develop a software application to automate
the bench evaluation testing. The design of the software is presented as well as
implementation and test results. The end users of the developed software had existing
software application that was able to execute measurement scripts somewhat
automatically and to control instruments remotely. The goal of this thesis was to create
a better software that would be easier to use and would be able to control whole
evaluation system instead of just instruments.

The thesis is constructed such that after the introduction chapter the reader is
given a general view of ASIC circuits and circuit evaluation. This provides basis for
understanding the requirements for the evaluation environment and for the software.
Chapter 3 describes the evaluation system environment that includes hardware
components such as PCBs (Printed circuit board), instruments and software framework.
Understanding the whole evaluation system is essential for creating reasonable
requirements for the software. The chapter 3 is divided into several sub chapters
describing all the different parts of the system. Good understanding of different
components of the system hardware is needed because the software will communicate
with all the components and make them work together. In chapter 4 software
development techniques and LabVIEW are introduced to provide the reader a basis for
understanding the reasons behind the decisions made during software design. The
software that was designed and implemented in this thesis is presented in chapter 5. The
software, named as ATAC (Automated Test And Characterization), is first presented in
a general level describing the features and the development process. After that the
reader is given a more detailed description over different features of the software and
descriptions how the software can be used. Understanding how the ATAC is used
provides the reader a better view over the software and the descriptions regarding
structure and architecture of the software are easier to understand in later chapters.
After describing how the ATAC is used the structure of the software is illustrated and
explained. At the end of chapter 5 the methods used for testing
the software are presented. Successfulness of the software project and the usability and
flexibility of ATAC is assessed in chapter 6. The quality of the software is assessed by



meeting the specification, correctness of produced measurement data and by the general
usability and flexibility. An example of a real evaluation test performed to an ASIC
using the presented evaluation system and ATAC is also presented in chapter 6. The
reader is given a general view of how the evaluation of an ASIC is done with ATAC
and what results and data the ATAC produces. Possible future improvements are
presented in chapter 7.



2 Integrated circuit characterization

In this chapter application specific integrated circuits are described in general level and
their properties are compared to other IC technologies. The evaluation of ASIC devices
is also described to provide basic understanding of the measurements and tests needed
to characterize a new ASIC after it has been manufactured. The benefits of automatic
evaluation are presented as well as reasons for developing the control and data
collection software that is presented in this thesis.

2.1 Application specific integrated circuits

Application specific integrated circuits are widely used devices in high volume
products. Because of their good performance combined with small size and small
energy consumption they are often better choice than general purpose devices such as
FPGAs (Field-Programmable Gate Array) [2], [9] and MCUs (Microcontroller) [22].
Because ASIC circuits are custom made for specific applications it is vital that the
performance of the ASIC is tested before it is sent to a customer.

The design of an ASIC is often done at transistor level but also at higher
hardware layers. The difference to general purpose microcontrollers and FPGAs is that
general purpose devices have generic hardware and they can be programmed to suite
different applications. Microcontrollers have fixed hardware but the MCUs’ software
can be programmed to meet different applications. FPGAs have a generic hardware that
can be programmed for different applications at hardware level. Thus FPGAs can be
seen as compromise between hardware solution (ASIC) and software solution (MCU).
Because user can program the hardware of an FPGA the performance is usually better
than a pure software solution like using MCU. [22]

ASIC circuits have hardware that is designed for a specific application and the
hardware cannot be altered by programming. ASIC devices usually have some
parameters that can be adjusted by programming but the main functionality of the
device is fixed at hardware level. This means that ASICs usually have very good
performance, low power consumption and small size compared to general purpose
devices [2]. On the other hand the initial cost of ASIC is greater than with off-the-shelf
devices. The high initial cost consists of designing and manufacturing of the ASIC.
Besides being expensive the design and manufacturing of ASIC device is also time-
consuming. The development of an ASIC may be several years long project whereas
off-the-shelf devices can be programmed within much less time. However if the volume
of the application where ASICs are used is high, then the high initial cost may not be a
problem. This is because once the ASIC device has been designed and manufactured
the cost of a single device is low. Choosing between different device solutions (ASIC,
FPGA, MCU) is an optimization problem that depends on the initial NRE
(Nonrecurring engineering) cost, continuous cost and the volume of the devices [22].
Figure 1 illustrates how ASIC cost is competitive with different technologies when the
volume of devices is high.
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Figure 1. Cost of different IC technologies in general. A= MCU, B = FPGA, C = ASIC. [25].

2.2 Trimming and evaluation

Because an application specific integrated circuit is designed at hardware layer it is
vital to perform evaluation once the device has been manufactured. In evaluation the
device performance and functionality is tested and compared against simulations and
specification. Usual evaluation tests that are performed include functional tests, open-
loop tests and closed-loop tests. Functional tests are used to verify the general
functionality of the device. Different values are written to registers of DUT (Device
Under Test) and the state of the device should change accordingly.

Open-loop tests are tests where no external components are connected to the pins
of DUT. These tests include sweeping and adjusting internal parameters and the effects
can be measured from specific output pins. Open-loop tests can be performed using
highly automated systems called ATE (Automated Test Equipment). With ATE
thousands of ASIC devices can be tested on silicon wafers right after the
manufacturing. The problem with these test systems is that they are expensive to use
and they cannot evaluate all the parameters of the device. For example measurements
that need external components cannot be tested on ATE systems.

Closed-loop tests are performed by connecting external components to ASIC pins
to create a setup that closely matches the intended target application. In many cases
ASIC has an internal switching regulator or some other component that needs external
components for performing so to test these internal components different external
components are required. These external components allow flexibility for the
applications that use the ASIC. External components such as resistors, capacitors, and
coils can be used to adjust specific characteristics of the ASIC. For example output
voltages of ASIC output pins could be designed to be externally adjustable by adding
external components to specific pins of the device. In some cases it is not even possible
to integrate all components inside the ASIC. For example large capacitors and coils for
switching regulators are such components. Closed-loop tests are much slower to
perform than open-loop tests that are done with ATE. That is why not all devices can be
tested in closed-loop environment. Closed-loop tests are usually done only to few
devices where as open-loop tests are performed to all new ASICs.

Before characterization of an ASIC is started the internal reference quantities
such as reference voltage, reference current and reference frequency must be trimmed.
Trimming means adjusting the internal reference parameters so that the reference



quantities correspond to predefined values. Trimming is necessary because process
variation in manufacturing results in imprecise reference quantities. All voltages and
currents in an ASIC are derived from the few reference quantities, so if the references
have offset all the other quantities have offset also [26]. ASICs are usually designed to
have trimming registers which can be programmed through communication interface to
fine adjust reference signals. The trim registers as well as other registers of an ASIC are
located inside the digital core of the device [24]. In addition to the digital core there
usually exists number of analog circuits integrated around the digital core. The digital
core controls the state flow of the device and provides communication interface. In
addition to programming trim values to device memory communication interface is
used to set output channels of the device to a desired level and to control the state of the
device.

2.3 Automated evaluation

Time-to-market is a critical concern in the business of selling ASICs. If the design,
manufacturing or evaluation is delayed for some reason the impact on profit can be
significant. If these phases can be speeded up it will provide great edge in the market
for the company. Time needed for evaluation depends on the complexity of the device
and the length of specification. It can take several weeks or months to measure all the
parameters and cases specified in the device specification. If all the tests are performed
using for example three different supply voltages and three different temperatures the
amount of data produced is very large and acquiring and processing that data takes
time. Even using only one temperature and one supply voltage level a single test can
require tens to hundreds of measurements. Usually closed-loop bench evaluation
consists of tens of tests which each are performed for few different devices using
different temperatures and supply voltages. If evaluation is done by a lab engineer who
manually connects instruments (multimeters, source meters, power supplies, etc.) to
DUT for different tests and manually writes commands to device registers it is easy to
see that evaluation will take lots of time. Also it might not be motivating work for
engineer to perform several tests that are almost identical to each other. Automating
data collection will provide savings for a company in time and money and it will
increase the work motivation of test engineers.

Many tests can be performed automatically for large number of devices in small
amount of time using ATE right after the devices have been manufactured. Although
these test systems can test functionality of large number of devices quickly, they are
expensive to use and they can only perform open-loop measurements. Closed-loop
measurements must be performed in different environment using PCBs (Printed Circuit
Board) that provide external components for the DUT. Different commercial [29], [17]
and non-commercial systems and software exist to automate the characterization at
these closed-loop tests. The automation level may vary from very low automation level
where user has to control the testing all the time to high automation level software that
can perform tests quite independently. The benefit from creating new software for
automated evaluation is that the software can be designed to meet specific needs of
target users. Commercial software solutions tend to be generic in nature to be
compatible with many different hardware environments and use cases. This has a
drawback that the user needs to spend more time configuring the software and creating
the tests. The ATAC software developed and described in this thesis was designed in



close co-operation with target users to provide easy interface for creating and executing
tests for ASIC circuits and yet maintaining certain level of generic compatibility.



3 System environment

The environment where ATAC was designed to be used is presented in this chapter.
The hardware components such as instruments, PCBs (Printed circuit board) and
adapters are essential parts of any IC evaluation system. Understanding the
environment is basis for understanding the functionality and use of ATAC software.
The presented environment is only one possible setup that can be used to automate
ASIC evaluation. The ATAC does have some features specifically designed for the
presented hardware setup but the software can be used in other hardware environments
also.

3.1 Overview

The hardware of an evaluation environment sets boundary conditions and requirements
for the control software. Block diagram of the whole evaluation system is illustrated in
Figure 2. The software is executed on PC (Personal computer) that connects to different
components of the system. The instruments illustrated in the figure can be power
sources, multimeters, source meters, etc. that are connected to bench EVM (Evaluation
module) PCB through ACE (Automated circuit evaluation) board. The ACE board is
used to route instruments to different pins on bench EVM. An ASIC to be evaluated is
mounted on bench EVM board and thus the instruments that are routed to bench EVM
pins are also connected to the ASIC pins. Different components of the system have
different communication interfaces and thus adapters are needed to translate
communication between PC and other components of the system. In the following
chapters individual components of the system are described in more detail.

Custam bus d
l Adapter 1 0SB
e Adapter 2 | 5B
Bench EVM <:> .
DUT <::> bosrd ACE board o
PCB FCB o
to to
PCB PCB Instrument wiring Adapter N
T A I
Y Y Y
<Instrurnent 1> <In5trument 2> sao { InstrumentX )}

GPIB

Figure 2. Overview of the automated evaluation system.



3.2 ACE board

3.2.1 Overview

The ACE board is used to automatically route instruments to different pins of bench
EVM and DUT and to provide adjustable external resistance load. ACE board can also
be used to generate line and load transients to evaluate transient characteristics of the
ASIC under test. ACE board PCB layout is presented in Figure 3. The ACE board is
controlled through I°C bus.

Instruments

VAR Y

FUNCTION
GEN INZ

Instruments

Figure 3. ACE board PCB layout.

3.2.2 Instrument relay matrix

The main feature of the ACE board is to provide a remotely controllable relay matrix
for connecting instruments to different pins of bench EVM board. The relay matrix
works as a multiplexer between instruments and bench EVM board so that specific
instrument can be connected to any pin on the bench EVM without manually routing
wires between instrument and target circuit pins. The relay matrix is controlled with 1°C
communication bus. The relay matrix has 64 relays in total and can connect up to eight



instruments to fourteen different bench EVM pins. Every instrument has a signal route
and a sense route to the bench EVM board. Sense route can be used by the instrument
to measure actual voltage (or other quantity) on the DUT pin because sense line does
not have current flowing. Without current flow the voltage drop between two ends of
the sense line is zero. Thus the instrument sees the actual voltage on the ASIC pin. In
signal lines current flows between instrument and the DUT and causes voltage drop
over signal line. Using only signal line the instrument would not see the actual voltage
on DUT pin because of the voltage drop over signal line.

3.2.3 Power relays

Power relays provide a way to control special functions of ACE board such as line and
load transients and resistance load. With power relays user can choose what function is
selected and routed to bench EVM board. Power relays are controlled by I>C bus in the
same manner as instrument relay matrix.

3.2.4 Resistance load

ACE board provides adjustable resistance load that can be routed to bench EVM board
through power relays. The resistance value can be adjusted by remote 1°C commands.
Supported resistance values are 2" Q, where n =0, 1, 2, ... , 15. The resistance load is
designed for adjusting small (< 100 mA) currents. Using the resistance load to sink
large (0,1 — 1 A) currents is possible as long as keeping the limited resolution of the
resistance load in mind as well as the power rating of the resistors.

An example of the effect of the limited resolution: Let’s say the external
resistance load is connected to ASIC pin that is at 5V potential. Changing resistance
value from 32768 Q (2 Q) to 16384 Q (2 Q) results in current changing from

L v__5V _ 152,6 ud to I, =Y A 305,2 uA. The current changes

TR, 327680 R, 163840
only 152,6 uA allowing accurate adjustment of small currents using the resistance load.

Changing resistance value for example from 16 Q (2* Q) to 8 Q (2° Q) results in

current changing from I, = Rl = 156—2 =0,3125A to I, = Rﬂ = Z—g = 0,625 A. The
1 2

current changes 312,5 mA which is a large step in current. Accurate adjustment of a
large current is thus impossible with the ACE board resistance load.

3.3 Bench EVM board

3.3.1 Overview

Bench EVM is a PCB that provides all the necessary components for the ASIC under
test to operate as it would in target application. The ASIC is mounted on top of the
bench EVM and the pins of the ASIC are routed to bench EVM connectors that lead to
ACE board. The bench EVM board also provides functionality to drive the DUT into
different modes so that evaluation of all necessary features can be performed.

The bench EVM board needs to be specifically designed and manufactured for
every new ASIC. However the interface between the bench EVM and ACE board
remains same throughout different projects. This enables the use of ACE board in
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different projects and only the bench EVM board needs to be redesigned for each
project. Communication to bench EVM board can be routed through the ACE board if
the bench EVM and DUT use I°C communication. Otherwise a separate adapter
between bench EVM and PC needs to be used to enable communication with the bench
EVM and the DUT.

3.4 Adapters

3.4.1 Overview

Adapters work as a link between PC and other hardware. An adapter provides API
(application programming interface) for the PC software and hides low level hardware
specific communication. ACE board uses 1°C communication protocol so adapter is
needed to communicate between PC and ACE board. Bench EVM board is different for
each ASIC so the communication bus to bench EVM and DUT can differ between
projects. An adapter is needed to communicate with bench EVM as well as DUT
mounted on bench EVM. The DUT can use custom communication protocols so
adapter needs to be flexible enough to support many different communication means.
Often many different adapters are used at the same time to communicate with different
parts of hardware. Depending on what communication cards the PC has an adapter
between PC and instrument bus may also be needed.

3.4.2 Adapter interfaces

Adapter handles the low level hardware communication towards target device and
provides a high level API for main software. All the APIs for different adapters that
were used with the ATAC software were available as dynamic-link library (DLL) or as
LabVIEW VTI’s. The LabVIEW VTI’s hid the DLL calls and provided easy API to use in
LabVIEW environment. The DLL works in between the main software and adapter
firmware providing methods to main software and converting the data to the format
adapter firmware supports.

3.5 Instruments

3.5.1 Overview

Essential part of the evaluation environment is instruments that provide voltage and
current to DUT and other hardware. The instruments are also used to read specific
quantities such as voltage, current and frequency from the pins of DUT. Before
automated evaluation system instruments were used in manual manner meaning
instruments were needed to manually connect to specific pins and reading of
measurements was done by visually reading the instrument display. In the automated
evaluation system presented in this paper the instruments are connected to different
pins of DUT automatically and the measurements are also read automatically by the
ATAC software. Different instrument types the presented evaluation system has and the
ATAC supports are

- Multimeter
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- Source meter
- Power supply
- Battery simulator.

Other instruments that were used with manual evaluation but not implemented in the
automated system were

- Oscilloscope
- Function generator.

These instruments would require more initial configuration than multimeters, source
meters, power supplies and battery simulators making them more difficult to handle in
the software. Support for oscilloscopes and function generators was considered to be
unnecessary in ATAC because great number of evaluation tests can be done without
them. However ATAC was designed so that support for new instruments could easily
be added in the future.

3.5.2 Instrument interfaces

Instruments were connected to IEEE-488 bus which is more commonly known as GPIB
(General Purpose Interface Bus). GPIB is a common industrial bus used to
communicate with instruments remotely. The bus supports different topologies such as
star, chain and hybrids of these two. PC communicates to GPIB bus through GPIB card
installed in PC’s PCI bus or through adapter that connects to PC’s USB port. The low
level commands sent to GPIB bus were hidden by the LabVIEW drivers that provided
high level access to the instrument. LabVIEW drivers for instruments are a common
way of communication between PC and instruments because they provide fast and easy
access to instruments without having to learn low level command syntaxes. Large
number of LabVIEW drivers for different instruments are available at National
Instruments website [16] for free use which makes the remote controlling of
instruments very easy.

3.6 Device under test

3.6.1 Overview

In the evaluation system the device under test is an ASIC circuit that needs to be
evaluated. The ASIC is mounted on the bench EVM board that is designed specifically
for that ASIC device. The bench EVM board provides all the external components
needed for the ASIC to operate and to be able to perform all the evaluation
measurements.

The ASIC can be soldered directly to bench EVM board or it can be mounted on
a specially made socket that is soldered or screwed to the bench EVM board. Coupon
boards are also used to mount ASIC to bench EVM board. Coupon board is like a
socket for the ASIC but it provides also essential capacitors and inductors that need to
be as close to the ASIC as possible. The coupon board has connectors which connect to
corresponding connectors on bench EVM board.
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3.6.2 Device interfaces

Making ASIC circuits as small as possible has benefits such as saving target PCB space
and making the ASIC applicable to small hand held devices. Silicon area of an ASIC is
used sparingly and the number of pins is kept low. Single pin usually has many
different operating modes that can be chosen by writing to device registers.
Implementation of communication protocol uses silicon area and affects the total size
of the ASIC. Communication interface also needs some number of pins which again
increases the final size of the device. [8] This is why special communication methods
that use as few as one pin and as little space on silicon as possible are tempting choices
in ASICs. However these communication methods may not be standardized and they
can be quite difficult to operate. Adapter that works as a link between PC and the ASIC
needs to know how to handle such communication protocols. The communication
interface that is used to control the ASIC provides means to write and read the registers
of the ASIC and thus control the operation of the ASIC. Although no communication
interface may not be needed when using an ASIC in a target application, it is necessary
to have an interface for testing and trimming the ASIC device after it has been
manufactured.

3.7 PCrequirements

The ATAC software is a LabVIEW application and thus needs LabVIEW run-time
engine (2011 SP1) to be installed on the PC in order to be executable. The LabVIEW
run-time engine is free for everyone and can be downloaded at National Instruments
website. The LabVIEW run-time engine requires Windows 7/Vista/XP/Server
operating system. [12]

A GPIB interface card or a GPIB adapter is needed for communication between
PC and instruments. Other communication buses can be used instead of GPIB
depending on what buses instruments support. ATAC software has a hardware
abstraction layer which enables the use of any communication bus between PC and
other components of the system including instruments and adapters.

To communicate with different PCBs in the system adapter or multiple adapters is
needed. All the adapters and instruments require drivers to be installed on PC before
use. In addition all instruments and adapters must have an implemented ATAC plug-in
in order for the device to be accessible from ATAC. A plug-in separates hardware
specific functionality of instruments and adapters from the main software and makes it
possible to easily add support for different instruments and adapters in ATAC. More
detailed description of the hardware abstraction layer (HAL) of ATAC is presented in
chapter 5.



13
4 Software development techniques

This chapter describes software development techniques such as object oriented
programming and software life cycle management. The ATAC was developed using
object oriented programming and spiral type of life cycle management so understanding
the basics of these concepts gives the reader a deeper view on the ATAC structure and
development process. LabVIEW programming is also described in general level to give
the reader an understanding how LabVIEW programming is practiced and how it
differs from programming with other languages.

4.1 Object oriented programming

Object oriented programming (OOP) is a programming style that has become widely
used when programming large software applications. OOP provides a way to efficiently
manage software and maintain good scalability and modularity. Many programmers can
work on the same project without conflicting each other’s work because the different
parts of software communicate through certain interface and the inner functionality of
one part of software can be handled as a black box by another part. [6]

In OOP classes are used to encapsulate features that belong to certain area. For
example there could be a class called “Car” and that class would hold all information
and functionality that is related to different cars. For example the class “Car” could
hold information such as “car name”, “model”, “number of tires”, etc. This information
is encapsulated inside of the class and it is not visible from outside of the class. To
access the information from outside the class the class provides methods for that.
Methods are an interface to a class. For example the class “Car” could have methods
such as “get car name”, “set number of tires”, “accelerate”, etc.

Class is a static structure that defines features and operations for a certain entity.
Obiject is an instance of a class. When a program wants to create a new object it makes
a call that creates a new instance of a class. One class can be used to create multiple
objects that all have different parameters. For example the class “Car” could be used to
create objects that represent different cars that have individual names and model types.
They would all have the methods and private fields “name”, “model”, etc. that were
defined by the class “Car”.

The use of classes makes it possible to develop different parts of large software
separately and make the different parts work together relatively easily. Because the
communication between different objects is performed through methods, one object
only needs to know what the methods of the object it is using are. It does not have to
know the inner functionality of the other object and it cannot accidentally change the
inner data of the other object.

OOP includes concepts called inheritance and polymorphism. Inheritance means
that a class can inherit another class and become a child class for the inherited class. A
parent class and its private data and methods that are inherited usually contain common
information that applies to all child classes. For example a class “Car” could be used to
define information and operations that apply to all cars and sub classes. For example
classes such as “Toyota”, “BMW”, and “Skoda” could be used to define information
specific to a certain car manufacturer. If these sub classes are defined to inherit the
class “Car”, then the child classes also have the data and operations of the parent “Car”
class.
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Use of inheritance makes the code efficient because same information does not
have to be defined to different classes separately if they all inherit the information from
a single parent class. Inheritance also makes the maintainability of the software more
manageable. If one would like to change a certain feature of the software one could
make the change to a parent class and the same change would then apply to all child
classes, instead of modifying the code in several different places.

Polymorphism means that the data type of an object is not only defined by the
class of the object but also by the parent class of that object. For example an object
called “BMW 7 Hatchback” is a type of “BMW” but also a type of “Car”.
Polymorphism enables a way to create generic interfaces that accept multiple different
data types. [6], [23]

Obiject oriented programming was used to design and program ATAC software.
This provided variety of benefits which will be discussed in chapter 5.

4.2 LabVIEW programming

4.2.1 LabVIEW in general

LabVIEW is a graphical programming language and IDE (Integrated Development
Environment) developed by National Instruments [16]. It is widely used in electrical
and test engineering because it provides a fast and easy way to interact with hardware
[27]. A large database for support and drivers for different hardware exists at National
Instruments website [16] and user rarely needs to program low level functions for
interacting with hardware. LabVIEW also provides ready to use elements such as
windows, textboxes, buttons, etc. for creating graphical interfaces which makes it
possible to build applications with very little effort [27].

LabVIEW programs are called virtual instruments (V1) because they usually
imitate physical instruments. A VI resembles a function or a method but with a
difference that a VI can be run individually or it can be called from other VI’s.
LabVIEW divides the programming of a VI into three sections: Front panel, block
diagram and connector pane. Front panel is a graphical user interface of the VI
containing access to controls and indicators of the VI for the user. Every VI has a front
panel even though only the top level VI’s front panel is visible to the user. Block
diagram of a VI is the actual code that executes when the VI is run. When creating a
block diagram code LabVIEW compiles the code in real-time as user writes it. This
makes the development of block diagram code easy because user sees instantly if the
code contains errors that do not compile. LabVIEW provides also debugging tools that
help to check the correctness of the code effortlessly without writing separate test
programs. The debugging tools of LabVIEW were used systematically when validating
ATAC software components. Third section of a VI is called connector pane. Connector
pane is the interface that other VI’s see when calling another VI. Connector pane
defines the interface to a VI and allows other VI’s to access controls and indicators of
the VI. When a VI calls other VI in its block diagram the called V1 is usually referred to
as sub VI. [13]

LabVIEW has the same common programming structures such as if-else, do-
while, event handlers, etc. as many other programming languages. The main difference
is that instead of writing code as text commands the user draws blocks and wires them
together with wires. With text based languages like Java and C++ the order of the
instruction execution is clear. The instructions are executed in the order they are
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written. With LabVIEW the order of the instruction execution is not so straightforward.
If user for example constructs two parallel loops that do not depend on each other the
order of execution between the loops is not defined similarly as with text based
programming languages. This is because the two loops/blocks can be drawn where-ever
on the sheet and their execution order does not depend on their position on the sheet.
This is illustrated in Figure 4 where two while-loops are executed in parallel. The order
of the program execution is defined by data flow [7]. When an element has all of its
inputs defined it is executed. If more than one element has its inputs defined at the same
time their execution order is random. [13] In the Figure 4 neither of the loops have any
inputs so they are both ready to execute at the same time. The order of execution in this
example goes as follows:

1. Program execution randomly selects Loop 1 as first element and steps into it.
2. Execution steps into the Loop 2 because it was waiting its turn from previous step.
3. Register “Channel 0” as input for “Read from I/O” VI in Loop 1
4. Register “Channel 2” as input for “Read from I/O” VI in the Loop 2
5. Inputs for VI “Read from I/O” in the Loop 1 are defined so the block is executed.
6. Inputs for VI “Read from I/O” in the Loop 2 are defined so the block is executed.
7. VI “Read from I/O” in Loop 1 has produced output which is input for “BandPass
Filter” so “BandPass Filter” VI is executed.
8. Etc.
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Figure 4. Parallel execution.

The example above illustrated how program execution order is defined by data flow
instead of the positions between different instructions. This is why LabVIEW is called
data flow programming language. Using structures that are executed in parallel
provides a way to execute different tasks simultaneously similarly as use of threads
makes it possible to execute different parts of code simultaneously in text based
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languages. The analogy with parallel structures in LabVIEW and threads in text based
languages is not very accurate because LabVIEW also uses threads on a lower level.
Even though a LabVIEW program would not have any parallel structures it might be
divided into several threads by LabVIEW IDE when the program is compiled and
executed. This is usually hidden from the programmer. It is possible to force the
number of threads and control the division of tasks between multiple processors but in
most cases programmer can ignore this and let the IDE handle low level threading. [20]

4.2.2 Controlling hardware with LabVIEW

LabVIEW is designed to be easy to use programming environment that can be used to
create data acquisition applications with very little effort. Many different instruments
have LabVIEW drivers available at National Instruments website and on the website of
the instrument manufacturer. LabVIEW drivers for instruments are VIs that have inputs
and outputs and they allow fast way to use instruments remotely from the software.
LabVIEW has built-in abstraction layer called VISA (Virtual Instrument Software
Architecture) which provides an easy way to handle and control hardware connected to
different communication buses. [18]

4.2.3 OOP in LabVIEW

LabVIEW has long been a way to build small applications that interact with hardware
with little effort needed at programming. Object oriented programming would be
overkill in these small applications where the structure of the software does not play
vital role. LabVIEW does however provide structures and ways to program using object
oriented style [11]. The support for object oriented programming can be seen as
inevitable development because of the popularity of object oriented programming
today. LabVIEW has also become a language that is used to program larger
applications that need modular and maintainable structure. [15]

The difference between LabVIEW classes and classes in for example Java and
C++ is that LabVIEW classes do not have constructors. An instance of a class is created
by drawing a wire from a block diagram control that represents the class. The wire is
the created object and it can be routed throughout the software. Like other OOP
languages LabVIEW also supports inheritance and polymorphism which enabled the
construction of a hardware abstraction layer into the ATAC software.

4.3 Software life cycle management

Planning of a software life cycle plays important role when developing new software.
Traditional waterfall type of flow where each development phase is performed once
and then proceeded to a next phase might not be efficient way of managing the software
development in many cases. In fact many software development projects use more agile
strategies where different phases are executed simultaneously in some degree and the
shift from one phase to another is not a one way transition. This enables earlier
prototypes of the software and bad features can be modified at early stage of the
development process. [4] Different software life cycle models have been studied and
advantages and disadvantages of different models have been presented [1]. Especially
with the ATAC software described in this paper the traditional waterfall model was not
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reasonable approach because the specification and requirements for the software were
likely to change throughout the development process. This is why the software
development flow for ATAC was managed using the principles of spiral flow [4]
shown in the Figure 5. A similar agile model called Twin peaks model was presented
by Nuseibeh [21] and was also studied for life cycle managing of ATAC development.
With ATAC development there was not much time spent in making requirements at the
beginning of the project because it was not known exactly what the requirements would
be and it would be likely that the requirements will change and become more precise
when users can get a feel of early stage prototypes of the software. Using a risk driven
spiral type of software development model the risks related to the user interface and
other parts of the software were handled in a reasonable fashion. The Figure 5 which
illustrates the spiral flow of ATAC development can be interpreted in the following
way: The development is started at near the center of the spiral. After designing and
implementing some aspects of the software new round of spiral is started. At each
iteration the software becomes better and the focus changes from developing software
towards maintaining the software. Software components that hold greatest risks are
implemented first to make sure the essential parts of the software can be implemented
and that they work as designed. This avoids situation where large part of software needs
to be rewritten if essential parts of the software need to be changed.

Planning

e
_—

Canstruction & Release

Liaison

System Evaluation

D System maintenance
D System enhancemant
D System cevelopment

[ Concept development

Figure 5. Spiral model of the software development project. [30].
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5 ATAC - Automated Test And Characterization software

In this chapter the control and data collection software named ATAC that was
developed in this thesis is presented. First the requirements for the software are
presented to give the reader an overview of the features and capabilities that were
implemented in ATAC. After that the reader is given an example of how test scripts are
written and loaded into ATAC. The use of ATAC to run scripts and to control hardware
is described and associated GUI windows are presented. This gives an overview of how
the ATAC is used and the inner structure and functionality of the software is easier to
understand in later subchapters. The structure of the software is described in class level
and the block diagram code is described using state charts. Methods used for testing the
software are described at the end of this chapter.

5.1 Application overview

Control and data collection software, ATAC, described in this paper is designed to
provide high level of automation for ASIC evaluation. The goal is that user can write
test sequences that the software executes independently. The software must be generic
enough so that the same software can be used with different PCB hardware, different
instruments and different ASICs. At the same time it must be easy to use, intuitive and
quickly adoptable so that user can maintain focus on debugging and testing the DUT
and not struggling with GUI that has too many adjustable parameters and features.
ATAC enables user to execute tests automatically or by instruction at a time
displaying real-time information about test and measurements to the user. Debugging of
DUT is important aspect when trying to characterize a device so ATAC also provides
ways of sending commands to different components of the system in the middle of test
execution using manual communication windows. ATAC also abstracts the ACE board
control and provides GUI for controlling ACE board relays and other functionality.

5.2 Specification and planning

The development of ATAC was performed using principles of Spiral model [4] which
is a risk driven style of managing software development. Greatest risks in the ATAC
development were related to communication with hardware and the style how tests are
created by user. The communication with hardware was perhaps the most essential part
of the software so it was implemented first. When working VI’s for communication
with hardware PCBs and instruments were successfully implemented other parts of the
software were designed. User interface was a big risk as well as general usability of the
software so GUI prototype was sketched at an early stage of development. Sketching
GUI is easy with LabVIEW because every VI has a front panel where readily available
buttons, graphs and other components can easily be added. The GUI defines the style
how software would be used and sets requirements how the program structure should
be implemented.

Other significant risk was related to implementing parallel style of test execution.
The parallel test execution means that test sequences should be able to run at the same
time as other features of the ATAC are used. The parallel nature of execution defines
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the top level structure of the software and implementing the top level code at an early
development stage avoids large changes in the code later.

By using Spiral model approach the development of ATAC did not follow either
bottom-up nor top-down style of software development. Both, bottom level hardware
communication and top level software structure were implemented in early stages of
development to minimize risks and possibilities of having to rewrite software.

Although requirements for the software were specified throughout ATAC
development some initial requirements were defined at the beginning of the
development project. The requirements were defined in co-operation with target users.
The initial requirements were

e Automatic execution of test files
- User must be able to create test scripts and execute them in automatic
fashion using the software. Queuing test scripts should also be possible to
allow the user to divide large tests in different files.

e Pausing and single stepping test commands
- Test scripts created by user can contain errors that cause the test to fail or to
produce unreasonable results. The device under test can also behave
unpredictably. If whole test script is executed automatically it is impossible
for the user to see what instruction caused the failure. This is why the
software has to have capabilities to execute test scripts line by line and to
pause the test execution if continuous execution mode is used.

e Recovering from error states automatically
- The software should not stop test execution in every error situation. Errors
that can be handled without human interaction should be handled
automatically to minimize the execution time of tests.

e Manual control interfaces for adapters
- User should be able to send commands through adapters whenever a test
sequence is not running. This enables the software to be used as a generic
debugger and communication interface towards different devices. In the
middle of a test manual commands should be able to be sent to DUT to read
state of the device.

e Hardware abstraction layer for instruments and adapters
- Support for new instruments and adapters should be able to be added to the
software with minimal modifications to the existing code to keep the
software clean and manageable. The main software should also be able to
execute without knowing how devices are handled at lower levels of the
software.

o Parallel execution between test execution and other features
- User must be able to execute test sequences in background while
performing other tasks with the same software. For example if a graphical
creation of test scripts is added to the software in the future, user must be
able to create tests with the software at the same time other tests are being
executed.



20

e Control of ACE board power up/down with changeable instruments and
adapters
- The software should be able to control ACE board power because manually
powering the ACE board is difficult. Different instruments could be used to
power the ACE board so the software should be flexible enough to handle
any instrument as ACE board power.

e Use of multiple adapters simultaneously
- Different components of the evaluation system hardware use different
communication protocols and different adapters need to be used at the same
time. The software must support simultaneous use of multiple adapters
regardless of the adapter type.

¢ Real-time graphical examination of measurement results
- User needs to be able to track all measurements at real-time while a test is
being executed. The measurements should be displayed in a graph.

e If-else structure for tests
- User has to be able to construct consecutive and overlapping conditional
statements and structures in test scripts.

e Loop structure for tests
- User has to be able to construct consecutive and overlapping loop structures
in test scripts.

e Storing of measurement results to an Excel compatible format
- Measurements should be automatically saved to file system in a format that
can be opened with Excel. The measurement data should be in easily
viewable and usable matrix.

The control and data collection software described in this paper can be regarded as a
fairly large LabVIEW application and to keep the software development manageable a
good programming style had to be practiced. The software has to be easily modifiable,
scalable, generic and modular. It is likely that new functionality will be added
throughout the application’s life cycle. The same software must also work with
different instruments, adapters and PCB hardware. The structure of the software must
be designed so that these requirements are fulfilled.

Before presenting the implemented ATAC architecture the reader is given a
description of how the ATAC is used. This provides the reader a better understanding
of the ATAC features and makes it easier to understand the software architecture
beneath.

5.3 Using ATAC

5.3.1 Creating tests

Tests can be written using any text editor. During the development of ATAC Notepad
was most commonly used to write test sequences. ATAC uses the following syntax for
commands:
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<command>: <parameter 1>, <parameter 2>, ..., <parameter n>

The double dot (:) separates the command from parameters. The number of parameters
as well as syntax of parameters depends on the command. Every command requires
unique parameters that can be mandatory or optional. A dash (,) is used to separate
commands from each others. White spaces can be freely used around double dot (:) and
dash (,) as well as in the beginning and the end of the line. Text can be commented by
adding // before the text. Everything that comes after the comment mark at that line is
ignored by the instruction handler in ATAC. An example of a test script is presented in
Figure 6. A description for the example script is given below the figure.

Trims_di - Notepad

File Edit Format View Help
disconnect: All -

instr_init: DMM1, 2Z-wire, rear

var: tmp, count, incr = 0, regvalue = 0x04
channels: VBG

write_read_spi: USB2ANY, ED 00 00, tmp
write_read_spi: USB2ANY, EA 00 01, tmp
write_read_spi: USB2ZANY, EB 00 01, tmp
delay_ms: 1

write_read_spi: USB2ANY, E7 00 1F, tmp
write_read_spi: USB2ZANY, EC 00 00, tmp
write_read_spi: USB2ANY, EA 00 OF, tmp
delay_ms: 1

connect: A2 --> column 4 //DMM1 to measure VBG

do:
increment_bits: regvalue, 1-4, [incr]
string_subset: regvalue = [regvalue], 2-3
write_read_spi: USB2ANY, E3 00 [regvalue], tmp
instr_get: DMM1, DCvoltage, VBG, tmp
concate_strings: regvalue = 0Ox, [regvalue]
var: incr = 1, count++

while: [count] < 16

set_trim_bits: regvalue, 1-4, vBG, 1.21

write_read_spi: USB2ANY, E3 00 [regvalue], tmp

Jlend

Figure 6. Example of test script.

The script presented in Figure 6 trims (adjusts) bandgap [26] voltage reference of an
ASIC device to a desired value. The used commands are described next:

disconnect: All

Disconnects all instruments from bench EVM board by opening instrument relays
on ACE board. Opens also all power relay connections on ACE board.

instr_init: DMM1, 2-wire, rear



22

Initializes multimeter called DMM1 that is used to measure bandgap voltage from
DUT. Parameter “2-wire” tells the DMM1 to use 2-wire measurement mode and
parameter “rear” instructs the DMMI to use rear terminals.

var: tmp, count, incr = 0, regValue = 0x04

Initializes variables and assigns values to them. No values for variables “tmp”
and “count” are given so they are both initialized to 0. Variable “tmp” is used as a
general purpose variable to temporarily store various different information.
Variable “count” is used as loop iteration counter. Variable “incr” is used to
increment a bandgap register value of an ASIC at every loop iteration. Variable
“regValue” represents a value of an 8-bit register.

channels: VBG

Defines a channel called VBG where bandgap measurements are stored. Channel
data is written to a file when test execution is finished. While executing test the
VBG data can be examined on front panel graph in real-time.

write_read_spi: USB2ANY, ED 00 00, tmp
write_read_spi: USB2ANY, EA 00 01, tmp
write_read_spi: USB2ANY, EB 00 01, tmp
delay_ms: 1

write_read_spi: USB2ANY, E7 00 1F, tmp
write_read_spi: USB2ANY, EC 00 00, tmp
write_read_spi: USB2ANY, EA 00 OF, tmp
delay_ms: 1

Sequence of SPI (Serial Peripheral Interface Bus) instructions are send to adapter
called USB2ANY. These set the DUT to appropriate state for bandgap voltage
measurement. Data that is sent to SPI bus is given in groups of 8 bits. SPI
configuration has already been done at a separate window before starting the test
execution. For example the first command sent to SPI bus is ED 00 00 which in
binary format is 11101101 00000000 00000000. Variable “tmp” is used to
temporarily store data that is read from SPI.

connect: A2 --> column 4 //DMM1 to measure VBG
Connects ACE board terminal A2 to bench EVM column 4 by closing appropriate
relay on ACE board. DMM1 connected to ACE board terminal A2 now has
connection to bench EVM column 4 and can read bandgap voltage from the DUT.
do:
Starts loop structure.

increment_bits: regValue, 1-4, [incr]

Gets bits from regValue variable at indexes 1,2,3 and 4 starting from least
significant bit and increments this value by the amount defined by variable “incr”.
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Value of “incr” is accessed by adding “[*“ and “]” characters around variable
name. Bandgap voltage reference is trimmed by bits 1,2,3 and 4 and other bits of
the same register are left unchanged. The new register value is stored back to
variable “regValue” after the increment.

string_subset: regValue = [regValue], 2-3

Prefix “0x” is removed from “regValue” variable and the stripped value is stored
back to “regValue” variable. At first loop iteration the value of “regValue” before
this command was 0x04 because at the first iteration of loop the value is
incremented by amount of 0. After execution of this command the value of
“regValue” was 04 because the command was instructed to get characters at
indexes 2 and 3 starting from the left.

write_read_spi: USB2ANY, E3 00 [regValue], tmp

The incremented register value is sent to SPI bus using adapter called
USB2ANY. This sets the bandgap register value of the DUT.

instr_get: DMM1, DCvoltage, VBG, tmp

Multimeter called DMML1 that was connected to measure the device bandgap
voltage is instructed to perform DC voltage measurement. The read measurement
is stored in channel “VBG” and in variable “tmp”.

concate_strings: regValue = 0x, [regValue]

A prefix “0x” is added to the value of variable “regValue”. The prefix is required
by commands “increment bits” and “set_trim_bits”.

var: incr = 1, count++

Sets variable “incr” value to 1. Variable “incr” is used to define increment
amount of bandgap register value at each loop iteration. Loop iteration count is
stored in variable “count”.

while: [count] < 16

This command decides whether to jump to previous “do” command or to exit the
loop. If value of variable “count” is under 16, then the execution jumps to line
where previous “do” command was given. If value of “count” is 16 or over the
loop is exited and execution continues from next line. Bandgap is trimmed with
four bits so to go through all the register values for bandgap the loop must be
executed 16 times.

set_trim_bits: regValue, 1-4, VBG, 1.21
When this command is executed the previous loop has been iterated 16 times. All

bandgap register values have been sweeped through and bandgap voltages for
each register value have been measured and measurements stored to channel
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“VBG”. This command goes through the “VBG” channel data and finds index of
measurement that is a closest match to specified 1,21 target voltage. This index is
the same value that needs to be written to bandgap register of the device to
produce the 1,21 voltage. The found index is written to the variable “regValue”
that holds bandgap register values.

write_read_spi: USB2ANY, E3 00 [regValue], tmp

The solved register value that produces the desired bandgap voltage is written to
the DUT register using adapter USB2ANY and SPI bus.

/lend

Comment that is ignored by ATAC. Helps the user to know this is the end of test.

Test file is loaded into the ATAC software directly in the same text format it is written.
Test is not compiled before execution and the execution of the test is done line by line
for the text instructions. This way user can follow the execution of the test in “Test
execution” window which is the main window of ATAC.

ATAC supports use of variables, arrays and channels for passing information
through a test. Variables can be written and read and the values of variables can be
viewed at main screen of ATAC in real-time. Arrays can be read but not written. Arrays
can be used for example to define a series of values that define supply voltage of DUT
through each iteration of a measurement loop. Channels can be written but not read.
Channels are the storage for measurement data gathered throughout the test. All
channel data is visible to user in a graph format on main window of ATAC. ATAC
supports do-while loop structure and if-else conditional structures. In addition around
40 different commands are supported. Full list of supported commands can be found at
appendix A.

Individual test scripts can be queued in ATAC which means different tests can be
executed automatically one after another. This keeps the number of commands in a
single test small and the tests remain manageable to the user. Automatically executing
multiple test files sets responsibilities for the user to make sure the end of a test is
compatible with a start of next test. Usual way of doing this is by disconnecting and
closing all instruments at the end of a single test and initializing everything at the
beginning of next test. This ensures that no voltages or short circuits exist in the
hardware when starting a new test. In addition to executing one test in one file the
queuing provides easy way of managing the file system hierarchy where the
measurement data is stored. Adding a test file that changes the measurement data folder
to queue automatically divides measurement data into manageable file system
hierarchy.

5.3.2 Executing tests

The “Test execution” window which is the main window of ATAC is described next.
Screenshot of the window is presented in Figure 7. This is the window where user can
load tests and execute them. The graph in the middle shows measurements in real-time
so user can easily monitor the progress of the test. Multiple tests can be queued and
measurements are automatically stored in measurement files.
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Test execution | Test creation | Manual control A TA C - Automated Test And Characterization
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’
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channels: VBG

write_read_spi: USBZANY, ED 0000, tmp
write_read_spi: USBZANY, EA 00 01, tmp
write_read_spi: USBZANY, EB 00 01, tmp
delay_ms: 1

write_read_spi: USBZANY, E7 00 1F, tmp
write_read_spi: USBZANY, EC 0000, trp
write_read_spi: USBZANY, EA 00 OF, tmp
delay_ms: 1
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Time
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Jump to selected Ima| Execute one line | string_subset: regValue = [regValue], 2-3
= write_read_spi: USB2ANY, E3 00 [regValue], tmp

Figure 7. ATAC Test execution window.

When tests are loaded and a measurement file path is defined the test execution can be
initiated. There are options for different execution modes such as “Execute
continuously”, “Execute one line” or “Jump to selected line”. In case of error occurs the
user is given possibilities to continue the execution from any line or terminate the test.
In noisy environment errors can easily occur in communication lines so instead of
waiting for user input in every error event the program first tries to solve the error by
itself and continue execution. This will save time in cases where tests are left to run for
long periods of time without human monitoring.

The main window shows values of variables and channels that are defined in the
test script in real-time. This helps the user to follow test progress and to see if the
measurements are in reasonable range. Measurement channels are where the
measurements are stored. Selecting channel from pull-down list shows all
measurements for that channel on the graph.

The software is designed so that test execution runs independently in its own loop
and other tasks in another loop. This enables the user to use other features of ATAC at
the same time as tests are being executed in the main window. One of the requirements
for the software was to be able to pause a test at any state and to be able to send manual
commands to the DUT and instruments and then continue the test execution. Pausing a
test can be done using pause button or by adding a pause command to the test file at
desired line.

ATAC supports also queuing of the test files meaning that multiple different tests
can be executed automatically one after another. The loading of tests for execution is
done by pressing button “Manage...” under “Test queue:” label on front panel (Figure
7). This opens a queue management window that is shown in Figure 8. User can save
and load queues and select which tests of the queue are loaded into ATAC. The order of
the tests is also changeable. By closing the window the selected tests names and paths
on file system are loaded into ATAC memory. The first test is loaded into ATAC front
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panel for execution. After the first test has executed the second test in the queue is
loaded and executed.

Test queue: g

./ BBcurrenttrimbxt | Add
V| BB lload sweep.tet Remaove
V| LDOZ trirm range swe

BUCK Iload sweep.te
LDO3 dropout vs lo:

Sglecta

Dasalacta

Zave

|

Figure 8. Loading of test scripts into ATAC.

5.3.3 Adapter control

ATAC provides manual control over adapters and ACE board. Manual control window
is used to set the adapters into desired state before starting to execute tests. This reduces
the number of initialization commands needed in the test sequence and makes the
initialization easy through buttons and pull-down menus.

Adapter control window provides a graphical interface to communicate with
adapters. Adapter features can be set and specific commands can be sent to adapters.
Many adapters provide I1°C, SPI, UART or GPIO communication towards DUT so
parameters and configuration of these protocols can be set using this window. When
debugging the DUT it is also convenient to have a manual interface for communication.
Screenshot of manual control window is shown in Figure 9. The view changes when
selecting a different adapter that supports different communication protocols. This is
shown in Figure 10. Pressing one of the buttons (“UART”, “I12C”, “SPI”, “GPIO”)
opens a pop-up window for that communication protocol.
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Supported buses:

2C i3]

GPIO

Test execution | Testcreation Manual control ATAC - Automated Test And Characterization
QuIT
ACE board
Adapter control Instrument control
Test in progress Adapter selector:
USB-TO-GPIO W !

Test paused

9

Error
Infobox
Ready -~ a5

GPIO

Restart test execution after making changes to adapter
- configuration.

Figure 9. Manual control window. Adapter supports only I°C and GPIO.

Test execution | Test creation  Manual control ATAC - Automated Test And Characterization
QuIT
ACE board
Adapter control Instrument control
Test in progress Adapter selector:
USB2ANY i |
Test paused
Error
UART

C
Infobox

Ready - <P

Supported buses:

UART |

RC
SPI
GPIO

Restart test execution after making changes to adapter
- configuration.

Figure 10. Manual control window. Adapter supports all communication protocols.

An adapter object tells the main software what buses it supports and the main software
can show supported buses for the user. Pressing a button corresponding to a specific
bus user gets to configure the bus parameters and send/read commands. Each
communication protocol has its own pop-up window for setting the communication
parameters and sending commands and they are presented below. Manual instrument
control and “Test creation” tab seen in Figure 9 are place holders for possible features
that might be added to the software in the future.
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UART (Universal Asynchronous Receiver/Transmitter) is an asynchronous
communication protocol and very common in various different devices. One of the
reasons for UART’s popularity is its simple operation. As a drawback only one master
and one slave device can be connected to the bus [10]. If an adapter supports UART the
“UART?” button is visible in the adapter control window. Pressing the button a pop-up
window for configuring UART settings and sending commands is opened. The pop-up
window is presented in Figure 11. Through this window user can send UART
commands to a slave and read back data the slave sends.

UART control panel
Settings: Send command:
SET
Baud rate
230400 WRITE
Data bits
g
Stop bits
1
Parity

none
Flow control

none

Figure 11. UART communication window.

I°C is another commonly used communication protocol in embedded systems and
ASICs. I°C uses only two lines for communication which makes it possible to minimize
the number of pins when designing an ASIC. In addition multiple devices can be
connected to a same 1°C bus and every device can act as a master or as a slave.
Drawback of 1°C is its limited speed [10]. The ACE board presented in this paper also
uses 1°C for communication. 1°C commands can be sent as well as setting 1°C
configuration parameters in a window presented in Figure 12. Data can be written and
read in binary or hexadecimal format.
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12C control panel
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Hex / Bin
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Hex / Bin
< >

= w
E H
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Figure 12. I2C communication window.

SPI (Serial Peripheral Interface Bus) is a commonly used communication protocol that
is also supported by the ATAC. SPI communication uses 3 + n wires, where n is the
number of slaves connected to the bus. Large number of wires limits the use of SPI if
more than one device is connected to the bus. On the other hand the SPI can reach
higher baud rates than I°C and UART. [10] Communication window for SPI is
presented if Figure 13. As with UART and I°C user can similarly configure SPI settings
and send commands. In SPI communication the master (ATAC) and a slave change
information at the same time. There is no separate write and read commands but the
information to both directions is transmitted in a same communication cycle.

SPI control panel

Settings:

SET

Send command:

Clock phase
Change on first edge
Clock polarity
Inactive state low
Bit direction

LSB first

Character length

8 bit

Chip select type
With every word
Chip select polarity
Low to high

g, 5 > 4800

Frequency divider (24MHz / x)
)

kHz

Figure 13. SPI communication window.
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GPIO (General Purpose Input/Output) is not a communication protocol like the UART,
I°C and SPI. With GPIO user can set lines to be digital inputs or digital outputs and
select impedance of the line. User can also select the state of the line to be high or low.
The GPIO does not define any protocol how the lines are used for communication. That
is left for the user to define. Usually GPIO lines are used as a general purpose digital
I/0O to control and read states of individual nets. GPIO control window is presented in
Figure 14. ATAC supports twenty different GPIO lines that can be operated as inputs or
outputs.

GPIO control panel
Line types: Line states: WRITE
GPI00 I Qutput ' llLow ' EEAD,
GPIO1 o Output | Low
GPIO 2 :rjOutput :erow
GPIO3  of Output of|Low
GPIO 4 :rjOutput :erow
GPIO5 o Output of|Low
GPIO6 o Output of|Low
GPIO7 o Output of|Low
GPIO8 o Output of|Low
GPIO9 i Output | Low
GPIO10 o Output of|Low
GPIO11 o Output of|Low
GPIO12 i Output o Low
GPIO13 o Output of|Low
GPIO 14 ’Jouput :erow
GPIO15 i Output HLow
GPIO16 o Output of|Low
GPIO17 o Output of|Low
GPIO18 ¢ Output HLow
GPIO19 o Output | Low

Figure 14. GPIO control window.

5.3.4 ACE board control

The GUI shown in Figure 7 and Figure 9 is not tied to any hardware and enable the
ATAC to be used as a standalone test sequencer and debugger. The functionality
related to ACE board is behind “ACE board” button. The ACE board functionality is
integrated into the software but in such fashion that it is easily modified for other future
ACE boards and different hardware. In practice the ACE board class would have to be
replaced by new class representing new board but no other parts of software would
have to be altered. The ACE board user interface is shown in Figure 15.
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ACE connections | Bench connections | Power relays | Resload | Relay matrix self test |
ACE board adapter
none b '
bench EVM ACE board
mapping mapping
ACE board power
Vec instrument name Voitage [V]
5
Relay PWR
instrument name Vaitage [V]
5
POWER ON
POWER OFF

Figure 15. ACE board GUI window main tab.

On the left user can control the ACE board supply voltage and load/save instrument
mappings of ACE board and pin name mappings of Bench EVM board. Using
mappings the actual terminal and pin ID’s present on the PCBs can be hidden and
instead user can use self defined terminal and pin names. This enables the same GUI to
be used with different hardware setups that have different pin and terminal
configurations.

The ACE connections tab can be used to define instrument to ACE board
terminal mapping. User can select from pull-down lists which instrument is connected
to which terminal and after that this mapping can be used elsewhere in the program.
This way the user does not have to refer to terminals Al, A2, etc. but can refer to actual
instrument names when routing instruments from ACE board to bench EVM board.

Bench connections window (Figure 16) can be used to configure instrument
routing from ACE board to bench EVM board. Bench EVM pin names can be changed
and saved to match specific bench EVM board which makes it easy for user to define
instrument connections. From pull-down lists user can select which of the available
instruments connect to what pin on bench EVM board. Depending on the selected
mode, instrument connection commands are sent to ACE board hardware at real-time or
if the mode is offline, the connections only apply at the software but no hardware
connections are made. Offline mode can be used if user wants to create a connection
command and use it later in a test sequence. Other tabs are defined for future
development but not yet implemented.
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ACE connections  Bench connections | Power relays | Resload | Relay matrix self test
ACE board adapter
none b {
bench EVM ACE board
mapping mapping I c7a_sign I 7b_sign
= [ cobsion |

I c5a_sens
I c5a_sign
I cda_sens

Figure 16. ACE board GUI window bench connections tab.

5.4 Application structure

5.4.1 Classes

In addition to meeting the requirements specified for the software the software must be
modular, scalable and easily modifiable. Therefore the structure of the software must be
designed carefully. The software has to be easily modifiable so that new functionality
can be implemented throughout the software life cycle. Object oriented programming
has proven itself as a good programming style for large applications so the ATAC was
also designed by the principles of OOP.

The functionality of the software is divided into different classes. For example
class named “Adapter” represents an adapter that is connected to PC and has all the
methods/V s that can be used to communicate with an adapter. Different adapter classes
that represent some specific adapter inherit the generic “Adapter” class and thus have
all the same methods/VIs as the “Adapter” class. This also enables hardware abstraction
[19] because the main software can use Vis of the class “Adapter” to communicate with
variety of different adapters that are implemented separately from the main application.
Same principle is applied to instruments. The main application has classes such as
“Multimeter”, “Source Meter”, “Power Supply” etc. and it does not have to know
which specific instrument is connected to the system. This makes it possible to use the
same application with different instruments that are connected to PC through different
communication buses.

The execution of test sequences can be run parallel to other tasks such as viewing
adapter configurations. Synchronization between different parallel tasks is needed
because some tasks can otherwise conflict with each other or cause unwanted behavior.
For example sending manual commands to an adapter should be forbidden when a test
is running. Otherwise the manually sent command might cause the DUT to go into
unwanted mode or cause other unpredictable conflicts. A class named “Mode
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Controller” is a synchronization class that controls other classes and test execution. It
holds information about the states of parallel tasks and makes sure no conflicting tasks
are executed simultaneously.

GUI events such as user pressing a button are registered with event handlers that
transmit the information to the “Mode Controller” object. The mode controller then
decides whether the instruction can be executed and issues commands to other objects
and tasks. Figure 17 illustrates the structure of the main software using UML (Unified
Modeling Language).

Mode Controller

N

——  >ACE board|<

Test Execution

—>| Command File Handler

1 Command interpreter
N
== === ======d Instrument Group [<
1
1
1 O Adapter Group b=
1
e Y~ Ay gy S g
| ?
1
: Instrument Adapter
1
. p A
! [ 1 [ 1 kel ----,
| Power Source Battery Simulator Multimeter Source Meter USB2ANY USB-TO-GPIO
1
1
! X 3 3 3 A R
1 1 1 1 1
1 1 1 1 . FTETEEss==m=s demm--
| L L 1 L
1 TKPS252X Keithley 2320 Agilent 34401A Keithley 2420
1
! A A A A
1

Figure 17. UML Class diagram of the software.

“Mode Controller” holds and uses the following objects:

“Instrument Group”. Holds all instrument objects.

e “Adapter Group”. Holds all adapter objects.

e “Test Execution”. Handles test script execution. “Test Execution” holds its
own instances of instruments, adapters, “ACE board”, “Command Interpreter”
and “Command File Handler”.

e “Command File Handler”. Handles write/read operations of command files.

e “ACE board”. Represents the PCB board that routes instruments to bench
EVM board.

New instruments and adapters are added as external software plug-ins that override
methods/VIs defined by generic “Power Source”, “Battery Simulator”, “Multimeter”,
“Source Meter” and “Adapter” classes. This enables hardware abstraction that is

discussed next.
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5.4.2 Hardware abstraction layer

Hardware abstraction layer (HAL) enables the ATAC software to be used in different
environments and with different hardware without having to modify the main software
for each environment separately. HAL was designed by using factory design pattern
[19]. Instruments and adapters are behind the HAL. These are both components that
have certain common features that are generic and independent of the manufacturer or
model. A common interface is defined for instruments and adapters and the main
software uses generic VI’s defined by the interface. The generic VI’s are overloaded by
actual instrument/adapter plug-in software at run-time. This is possible because the
main software does not care how the interface method is implemented. Every hardware
object has its own software plug-in written that implements the defined interface. The
separate plug-in is linked to the main software by a configuration file that tells the main
software where the implementation can be found at file system.
Instruments are divided into following sub categories:

Multimeter
Power source
Source meter
Battery simulator.

These all have unique interface that the instrument plug-in must implement. All
multimeters support roughly the same functionality and an interface that satisfies all
different multimeters is easy to design. The same applies to all the other instruments.
Adapters on the other hand are a bit trickier to handle. All adapters must use the same
predefined interface although a variation between different adapters can be quite large.
This problem is solved by making the overloading of interface methods optional. Only
some VI’s are required to be overloaded by the adapter plug-in. Such VI’s are
“initialize”, “close” and “get supported buses”. With “get supported buses” VI the
adapter plug-in tells the main software what buses and communication methods the
adapter supports towards hardware components. This way the main software can
display buttons and functionality that applies to the connected adapter.

When ATAC is started all the available instruments and adapters are displayed to
the user. The user selects which of the instruments and adapters are loaded and
initialized at the beginning of the program. This way same ATAC software can be used
in different workstations regardless of what adapters, instruments and drivers that
particular workstation has. Only the selected adapters and instruments are loaded into
PC memory and initialized. This run-time loading of drivers was achieved by using
factory design pattern that enabled construction of the whole HAL.

Software plug-ins for instruments and adapters can be created separately from the
main ATAC code. Only linkage between a plug-in and the main code is that a plug-in
class must inherit a generic instrument or adapter class defined in the main ATAC
software. This way the main software remains untouched when adding support for new
hardware.

The structure of HAL implemented in ATAC is shown in Figure 18. Not all
methods and devices are depicted in the figure because the main idea is to present the
structure of the HAL and not full documentation of implemented methods/V1s. The top
level code is implemented in general level without specifying how individual tasks are
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implemented. The ASL (Application separation layer) is a software layer for
abstracting adapter and instrument specific implementation of commands such as
“Initialize Multimeter” and “Configure 12C” and providing generic interface for the top
level. DSSP (Device-specific software plug-in) level classes handle the device specific
implementations of commands such as “Initialize Multimeter”, “Set Current”, etc. that
the ASL defines. When adding a new instrument or adapter to the system a new DSSP
class has to be created for that device. The new DSSP has to implement some or all of
the methods defined by ASL depending on what functionality the new device supports.
The top level software does not see what the actual driver for the device is or what
communication bus is used to communicate with the device.

-
Top level Initialize --> Wait commands --> Execute command ]
e
B Initialize Set Initialize Configure .
ASL Multimeter I Current I adapter I 12C I Wite [2€ ]
-
— _— -_— _— — _— -— — _— — -— — _— —_— — _— -— —_— _—
- " Y
HAL — Agilent DMM Class Keithley SM Class USB2ANY Class FT232R Class
- initializeInstrument() - initializeInstrument() - initializeAdapter()
DSSP - getDCvoltage() - setDCcurrent() - writel2C() USB-TO-GPIQ Class ]
- closelnstrument() - closelnstrument() - closeAdapter() S — J
e ass
- N N N N
Drivers [ VI LV Proj LV Proj Various drivers
GPIB GPIB USB
Device [ Agilent 34401A Keithley 2420 USB2ANY adapter Other devices

Figure 18, Hardware abstraction layer structure in ATAC.

5.4.3 Error handling

In LabVIEW exceptions are routed through the software with an error wire. Exceptions
are generated when something goes wrong in the program execution. For example if the
program tries to open a non-existent file. In ATAC exceptions are also created when
something undesirable happens, for example if initialization of an object was
unsuccessful or a device does not answer when spoken to. In most cases the exceptions
are routed to top level with error wire where they are handled. In case of error the error
indicator on main GUI is highlighted and the error description is displayed in the
“Infobox™. The user can evaluate the nature and significance of the error and decide
whether to continue or quit the program. If user decides to continue the error is cleared
as well as the error indicator and “Infobox”.

If error is encountered while executing a test sequence the application enters a
test execution error handling state presented in Figure 19. Here the user has different
options as how to continue the execution or whether to terminate the test. In lab
environment that has lots of different electrical machines EMI (electromagnetic
interference) can cause signals to corrupt. While developing the ATAC software and
running test scripts the 1°C communication failed occasionally without apparent reason.
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A test sequence could take hours or days to execute so it is not convenient if the
execution stops completely when encountering error. In many cases a test is left
running alone while the user focuses on other tasks so it is important that the software
can solve error states by itself without user interaction. This problem was solved by
making the ATAC to retry a command three times before stopping and displaying the
error to the user. This solved the most frequent error where 1°C communication failed at
random intervals. Most likely the signal was occasionally corrupted by external
interference and when retrying the message went through uncorrupted.

Test execution | Test creation | Manual control ATAC - Automated Test And Characterization
QuIr
ACE board Channel selector: Variable selector: Test queue:
ADC data | 0 data_hex 5| TH_pulse_di.txt

£159 & | % <Messurement data folder path>
Test in progress 3;\;_ Status | Command
J 23] oK channels: ADC data, ADC MSB, ADC LSB, ADC data2
Test paused 325 0K var: data_hex, data_dec, count, data_tmp, data_hex_MS|
J ’ 0K var: rdata_hex, count2
Er‘mr o Skip
3154 OK | var curr = 14 //0A

w
b=l
2
£
a

31+ Skip /farray: curr_arr = A, F, 14

£ 305 OK | amay: curr_arr = 23, 47, 6C =
30-] oK wvar: curr_arr_ickx
[t e Skip | //var: plength = 07
Error occured while  « 20 OK var: plength = 02
executing test. 0K [var cmd_int = 78
Error descripton: 285 ki
Child class of P
. . 28+ Errar write_read_spi: USB2ANY, ED 00 00, data_tmp
‘Adapter” class
doesn't have method 215+ I I I I 1 | | | | I write_read_spi: USB2ZANY, EA 00 00, data_tmp
"writeReadSPI", 1 08 06 04 02 0 02 04 06 05 1 write_read_spi: USBZANY, EB 00 00, data_tmp
Time write_read_spi: USB2ANY, EC 00 00, data_tmp
write_read_spi: USBZANY, E7 00 00, data_tmp
‘ Retry--= current line | ‘ Retry--»selected hna| Retry--= beginning | write_read_spi: USB2ANY, ED 00 00, data_tmp
write_read_spi: USBZANY, 04 00 00, data_tmp
| Change mode... | Ignore & continue | ‘ Terminate | write_read_spi: USB2ANY, 05 00 01, data_tmp

Figure 19. Error handling when encountering error at test execution.

5.4.4 Flow of execution

The flow of program execution on the top level is described next using a flowchart and
three state charts. In Figure 20 the general execution flow of main VI is presented. First
the front panel properties of the main VI are initialized as well as blocks used for
synchronization between parallel top level loops. After that the queues and software
events are initialized in parallel to allow communication between the loops.

The communication between loops is designed and implemented by the principles
of producer/consumer design pattern [14]. The top loop acts as a producer loop for the
middle loop and sends commands to the middle loop through a queue. The middle loop
acts as a consumer loop for the top loop and as a producer loop for the bottom loop and
sends commands to the bottom loop through another queue. Bottom loop can send
information with events to the top loop. The master/slave type of communication of
producer/consumer design pattern is thus turned into a communication chain where
every loop can send information to next loop. The top loop acts as an event handler for
user interface events and software generated events. The middle loop is the main loop
of the software and holds instance of a “Mode Controller” object that coordinates
execution between tasks. The bottom loop handles test script execution.
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After initializing the communication queues and events the loops are
synchronized and started in parallel at the same time. The design of each loop is
illustrated in Figure 21, Figure 22 and Figure 23 using state charts. When each loop has
terminated (happens when user quits application) the communication queues and events
are closed and application is shut down.

Initialize front
panel properties

Y

Initialize synchronization
of top level loops

4 4 Y

Initialize communicaton
queue from top loop
loop to middle loop

Initialize communication
queue from middle
loop to bottom loap

Initialize event
communication from bottom
loop to top loop

Y
w| Synchronize loop |z
= start time [
Top loop + Middle loop 4 Bottom loop +

Bottom loop

Top loop Middle loop
: state machine

state machine

state machine

Close communication
queues and events

Y

Display shut
down errors

v

Clase application

Figure 20. Top level program execution flowchart.

Figure 21 illustrates the top loop (event handler loop) execution in general level using
state chart representation. The program execution waits for events and does not
consume processor resources if no events are available. Most events are generated
when user presses buttons or changes values of other controls on ATAC front panel.
Every event has its own event handler which sends appropriate command to main loop
for desired action. In most cases the top loop does not do anything else but to send
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instruction for middle loop when event is registered. This way the top loop stays always
ready for registering events and the GUI does not freeze up. In Figure 21 all events
other than quit button activity is considered to be included in the “Event registered”
event. In practice every event causes a different command to be sent to the middle loop
(main loop) but for the sake of simplicity the figure is drawn with a single “Send
command to middle loop” state. After sending command possible errors encountered
are displayed and cleared. The front panel GUI shows error description until user
presses a button but for the program execution to continue appropriately the error is
cleared on the block diagram. If quit button is pressed a quit command is sent to the
middle loop and the top loop pauses to wait until other loops are ready to close. It is
necessary to stop execution of all loops in a controlled manner before closing
communication channels and hardware references to avoid errors and race conditions.

Display Send command )
and clear errors to middle loop

Event registered

Wait for
events
Quit button
pressed

Send quit
command to
middle loop

Wait other
loops to stop
Display and
clear errors

Figure 21. Top loop state machine. The loop handles all the events created either by user pressing buttons or
other parts of software.

The execution of middle loop (main loop) is illustrated in Figure 22. The middle loop
initializes the GUI and hardware when it is started. After every action the errors are
checked and displayed if there are any. The main loop checks queue for commands
from the top loop every 200ms. If no commands are received the mode controller status
is updated to hold newest information about test execution state. The test execution
state information is held at GUI indicators which are accessed by both middle loop and
bottom loop. 200ms is a long time in respect to processor clock frequency so updating
the mode controller status does not take much processor resources. Every command
that does not involve executing a test file is handled in the middle loop. When test
execution command is received the command is routed to the bottom loop if test
execution can be initiated or continued. In case of receiving quit command the middle
loop sends the quit command forward to the bottom loop and waits other loops to stop
executing before exiting the loop.



39

)
Initialize
GUI graphics and
Updatg mode . hardware objects
Send quit controller information
command to about test execution
bottorn loop
All loops Timeout
ready to sthp quit cmd 200 ms

Check queue
Close hardware for commands

Display and
' h

X

Send command to
bottom loop if no
conflictions

update

Open test !
queue window Wdlnstances
if no conflicts N
Load first test Set actions Update hardware
i icti instances of mode
if no conflictions of test exec ctrl
buttons controller
ACRboard
ctrl Apd

Open
adapter ctrl Open ACE
\w-finl:ll:lhﬁ_r if no ctrl window if
conflicts no conflicts

Figure 22. Middle loop state machine. This is the main loop of the software that handles everything else but
test execution.

The bottom loop (test execution loop) illustrated in Figure 23 using state chart is the
loop that handles test script execution. Initially the loop waits for commands from the
middle loop and does not take processor resources. When an instruction is received an
action for that instruction is performed. If execution mode is set to be continuous,
meaning the test is executed automatically from start to finish, the program will check
for incoming instructions only for 1 ms period until continuing to execute next line. The
smaller the period for waiting commands is the faster the test execution is which is
critical in large time consuming tests. After executing a line all hardware object
instances are sent to top loop using an event to provide up-to-date information about the
hardware instances. Top loop routes hardware instances to the middle loop that holds
“Mode controller” object instance. Thus after every executed line the “Mode
controller” object has newest information about the hardware objects in the system.
Sending of hardware objects to top loop is considered to be included in “Execute next
line of test” state in the Figure 23. After executing a line possible errors are handled.
Error handling in the bottom loop differs from the top and middle loop error handling.
When errors are encountered in test execution user is given different choices to handle
the error and continue as presented earlier in this paper.

If quit command is received the graphics related to test execution are cleared and
the program pauses to wait that every loop has stopped. When all three loops are
stopped and waiting for other loops the execution can continue.
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Set
current line
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pause off

Terminate
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pause on

pause cmda

Wait instructions
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quit cmd

Set stepping
exec mode on

Set continuous
exec mode on error handled
or no error
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test execution
graphics and
wait other loops
to stop

Execute
next line of
test

Handle errors quit cmd
interactively

Figure 23. Bottom loop state machine. This loop handles the test execution.

Long tests might take hours or days to complete so it’s efficient if user can use the
software for different tasks while a test sequence is being executed. To achieve this the
execution of tests is run in parallel to other tasks. In future the software could be
enhanced by adding test creation window or measurement post processing capabilities.
User could create tests or process measurement data with the same application and at
the same time test sequences are executed. Parallel execution of tests and other tasks
sets certain challenges that need to be assessed carefully when designing the software.
For example controlling of adapters and instruments has to be blocked from the user
when a test sequence is being executed. If test script uses instruments and adapters as is
commonly the case the user interaction with an adapter or an instrument could cause
the script to fail or to produce non-reasonable results.

Parallel execution of tests is implemented by a parallel top level loop. The top
level structure follows producer/consumer design pattern [14] but adds extra loop to
handle test execution. The master/slave type of communication of producer/consumer
design pattern is enhanced and the resulting pattern has a chain type of communication
flow. The event handler loop (top loop in Figure 24) functions as a producer for the
main loop (middle loop in Figure 24). The middle loop acts as consumer for the event
handler loop and producer for the test execution loop (bottom loop in Figure 24). The
test execution loop handles the execution of tests and updates “Test execution” window
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on ATAC front panel accordingly. The test execution loop sends events to the event
handler thus acting as a producer for the event handler loop.

om

Figure 24. Block diagram of top level V1.

5.5 Software testing

5.5.1 Unit testing

To minimize errors in the code every VI was tested individually with different
parameters before integrating the VI into other VI’s. This type of unit testing makes
debugging easy because only small part of code is tested at a time. When connecting
individual VI’s together the complexity of the code increases and finding errors
becomes more difficult.

LabVIEW makes unit testing very easy because no external test program is
needed to run a VI with different input parameters. The VI front panel controls can be
set by user to execute the VI with different input parameters. Unit testing works well in
most cases but if a VI depends on complex objects it can be very time consuming to
manually set the input parameters from the front panel of the VI. In these cases the VI
was integrated into the main software without pre-testing and the main software was
used to test the new VI by running the main program to certain states with different
parameters.

Viewing the state and values of different variables and wires is easy in LabVIEW
because of the debugging tools LabVIEW provides. User can place probes on wires to
view all the data that flows through the code. In addition user can place breakpoints to
specific parts of the code and make the program execution to pause at that point until
instructed to continue. The program can be run in normal execution mode or by
stepping instructions one by one. These debugging capabilities made the debugging fast
and efficient and errors in the code were easily discovered. Not all the possible states
and input combinations of a VI could be tested because the number of possible
combinations of input parameters is very large at times. In these cases the VI was tested
with input values that had most chances to generate incorrect behavior.
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Below is a unit testing example of a VI called “buildInstrumentObjects” that
creates instrument objects based on instrument names that are given to the VI as input
parameters. This example shows the principle how VIs are tested in general before
integrating them into other VIs. The front panel of the VI is shown in Figure 25. Input
parameters for the VI are placed on left side of the front panel and their meaning is the
following:

e Instrument Group in
- Object representing all of the instruments. Provides methods/VIs for easy
picking of specific instruments from the whole group.

e XML File Name
- A string that tells the VI what is the name of the configuration file that
holds information about all instrument names, types and paths of classes
that implement instrument functionality.

e Instruments to build
- Array containing names of instruments that are built and loaded into
memory. The VI goes through the specified XML file and loads all
instrument plug-in classes that match to specified instrument names.

e error in (no error)
- Error information to the VI. The VI is not executed if error status is true.

— — —— - - .
M1 Ermrmit ses{ 41 Objects.vi Front Panel on ATAC.lvproj/My Comp...
e T
File Edit View Project Operate Tools Window Help

ATAC Ivproj/My Comg 4 [1[}

e e — B
Figure 25. Front panel of a VI called “buildInstrumentObjects”.

Outputs of the VI are updated instrument group object and error information. The front
panel of the VI can be used to examine whether the VI produces error signals to “error
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out” indicator but not much more can be seen by examining the front panel. This is why
the functionality of the VI was tested by examining the block diagram execution with
different input values. Block diagram of the “buildInstrumentObjects” VI is shown in
Figure 26. The yellow arrows are added to point to debug tools LabVIEW provides.
Two probes are placed on wires to show user what information flows through the wires
when the VI is executed. The one break point (red circle) is added to pause the program
execution after a single instrument plug-in has been loaded into memory. When the
execution is paused by the break point user can view the information of the probe “3”
that holds information about the newly loaded instrument plug-in class. This way user
can track the execution of the program and tell whether the VI is working as it should.
After all instrument plug-in classes and instrument drivers have been loaded into PC
memory the program execution reaches probe “1”. This probe displays an array that
holds all the newly created instrument objects. The use of probes and break points
makes the debugging fast and efficient because large part of code can be tested
simultaneously by adding more probes to the block diagram.

. i
‘? [ True Vt “ﬂﬂﬂ|InztrumEnt object arra';.-'|m|-b|=

""" Jo["Battery simulator”  ~Pf
Battery Simulator.lvclass

+ o]

Figure 26. Part of a VI block diagram that illustrates the use of probes and break points.

5.5.2 System testing

When connecting individual VIs together the communication and compatibility of
different Vs needs to be tested for errors. Proper unit testing reduces the possibility of
encountering errors when connecting different VIs together but not all errors can be
found at unit testing. For example different VIs might work properly on their own but
when connecting an output of a VI to be input to another V1 the interfaces (connector
panes) of the two VIs might not match.

System testing is used to test whether different VIs work well together. The
ATAC software has deep hierarchy of VIs so system testing was performed at many
different levels. Final system testing was done at top level where the software was used
like it would be used in target environment. In addition many different unusual cases
were tested to find all possible errors in the program. For example user could press
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buttons while program is processing events for previous user action and the program
must work reliably also in these situations. Other possible cases for unexpected errors
are for example if user tries to jump to a line that does not exist or instructs the program
to do something else that was not meant to be done. The system testing was performed
in close co-operation with end users that used the software for two months and gave
feedback about the features and bugs they had encountered.
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6 Results and discussion

The overall successfulness of the ATAC development project is assessed in this
chapter. An example case of an evaluation test performed to a real ASIC circuit is
presented and the results are discussed. The reader is given a general view how a single
evaluation test is performed using ATAC and what kind of results the ATAC produces.
The data produced by ATAC is compared to manually gathered measurement data and
the use of ATAC and automated evaluation environment is assessed based on the
results. The usability of ATAC is also discussed based on feedback gathered from the
end users.

6.1 Meeting the specification

One way of determining successfulness of a software project is by comparing the final
software to the specification and requirements. The requirements for ATAC software
defined in chapter 5.2 were implemented entirely and some extra features such as ACE
board instrument mapping were added in addition. The specification for the software
evolved through the software life cycle and features were gradually added to
specification.

6.2 ASIC evaluation measurement results

The main objective of ATAC software was to be able to control the ASIC under test
and to retrieve measurements from instruments and store them to measurement files
automatically. To validate correctness of the measurement data the retrieved
measurements were compared against simulation data and measurement data that was
gathered by hand using separate measurement setup. If the DUT works as expected the
measurement results are similar to simulation results. The general operation of the
automated characterization system is thus easily validated. Still there is a chance that
the characterization system hardware adds resistance, inductance, capacitance and other
non-idealities to the measurement results and the results might thus be worse than what
the DUT really is. To test the quality of the automated evaluation system hardware a
comparison to manually made measurements was performed with different tests.

If the DUT does not work as simulated the validation of measurement results by
comparing to simulation is not so straightforward. In these cases doing the
measurements manually with different measurement setup gives good reference
whether the bad measurements were due to bad hardware setup or malfunctioning
DUT.

The application was successfully used to evaluate three different ASICs. The
results had good quality compared to manually made measurements (no difference) and
in line with simulations. The automatic characterization system proved to be efficient
way to get large amount of measurement data from the DUT. Before automated system
the measurements were done by hand. User had to manually connect instruments to
different pins of DUT and use unorthodox software applications for reading the
measurements to PC. The measurement results were visible to user only after the whole
test was executed because the measurements were stored in the instruments’ memory
through the execution of a test. With ATAC the time spent creating tests reduced due to
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easier command syntax. The debugging of tests was also more efficient because user
could see the measurements in real-time at the PC screen and could pause and jump in
the test execution. The automation made possible to use large number of measurement
points and to sweep over many different parameters such as supply voltages, load
currents and temperature. The resulting measurement data set provided essential
information about the DUT in multiple different operation points which would have
been impossible to achieve by manually doing measurements. By executing different
test script files consecutively in automatic fashion the resulting data set could easily
have over thousand data points. Measuring this number of data by hand would have not
been possible in reasonable time and effort. An example of evaluation measurements
performed for a real ASIC is presented below starting from the initial evaluation plan
and ending in measured results and graphs. The characterization is started by defining
evaluation plan which is presented in Figure 27. Initially the right side of the plan is
empty and is filled with green and red boxes when that specific test has been
performed.

[ACE
coverage|

Coupon
used

Test conditions Comment
25 | 3.7 | 45
Evaluation| Test description -40] 25 85 -40] 25] 85 -40] 25] 85

1|scm

system level

Start-up and shut down time - - - Issue found.

2)
3|Start-up inrush current

4]|Buck and Buck-Boost crosstalk @ max load both, spectrum
5

&

Buck max load and Buck-Boost 50mA load crosstalk
Buck 50mA and Buck-Boost max load crosstalk

Buck:

T|PWM operation, lind, Vout, sw, Vripple, lload = 20mA
8|PWM operation, lind, Vout, sw, Vripple, lload = 150mA
9|PWM operation, lind, Yout, sw, Vripple, lload = 350mA
10|PVWM operation, lind, Vout, sw, Vripple, lload = 700mA
11|Start-up, lind, Vout, sw

12|Efficiency vs. lload = passives: ???, force BB disable [ACE FF3, §1, 82
13|Load transient response SmA to 150mA, both directions, monitor also BB Vout
14]Load transient response 50mA to 350mA, both directions, monitor also BB Vout
15|Line transient 3.3V to 2.7V, both directions

16|Line transient 3.9V to 3.3V, both directions

17|DC output voltage vs. lload vs. VIN [ACE FF3, §1, 82
18|Forced PWM sw freq vs. VIN @ 100mA, 7 steps
19|Forced PWM sw freq vs. VIN @ 350mA, 7 steps

Figure 27. Evaluation plan for a specific ASIC.

As can be seen from Figure 27 evaluation plan all the tests need to be performed with
different supply voltages and in different temperatures. A single test already involves
sweeping over some parameters, so in addition sweeping over supply voltage and
temperature results in a very large measurement data set. The ACE coverage column in
Figure 27 tells whether the specific test is to be done with the automated evaluation
setup or manually. The tests that require oscilloscope are done manually and others
with automatic setup using ATAC. When a test script is written for ATAC it is very
easy to sweep over different parameters such as supply voltage and load current
because these add only additional loops to the test script that is otherwise functional. As
can be seen from Figure 27 evaluation plan, manual measurements were done only with
one supply voltage and in one temperature at the time the evaluation plan image was
added in this paper. This indicates that it is very time consuming to perform tests
manually by hand. The tests that were done with ATAC were performed for every
supply voltage and every temperature. Although for now ATAC does not support
temperature control it is very fast to manually set the temperature of an environmental
chamber where DUT is placed to different temperatures between a set of tests.
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The next step after creating evaluation plan is to create test scripts for ATAC.
Below in Figure 28 is presented a script that performed a test “DC output voltage vs.
Iload vs. VIN” that was defined in the evaluation plan.

v — _ @ ]
| BUCK Tload sweep_di - Notepad . * 5 = ot S
File Edit Format View Help
J/BUck Efficiency sweeps (BUCK Iload sweep) start -

JA7 Instrument setup:
SO0 2WIRE: sA3, sB3
J/A7 7 BATSIM-IN: vin_buck
J47 7 BATSIM-0UT: wvin_bb
J477 INSTR-3 IN: Ad

A/ INSTR-3 ouT: B4
J4F7 INSTR-2 IN: wio

ey, e, e, e, e
Sy e, o, e, o, e,

disconnect: All

instr_init: BATSIM-IN, 4-wire, rear
instr_init: BATSIM-QUT, 4-wire, rear
instr_init: 2WIRE, 2-wire, rear
instr_init: INSTR-3 IN, 2-wire, rear
instr_init: INSTR-3 OUT, Z2-wire, rear
instr_init: INSTR-2 IN, 2-wire, rear

instr_set: INSTR-2Z IN, DCvoltage, O, 1
instr_set: BATSIM-IN, DCvoltage, 0, 1
instr_set: BATSIM-OUT, DCvoltage, O, 1

array: vin_arr = 2.5, 3.7, 4.5

var: v_in, v_out, 1_1in, i_out

var: i_out_t = 0.0001

var: vin_arr_idx

channels: Iload_buck, vout_buck, vin_buck, vin_bb, Iin_buck, Iin_bb

connect: A4 --= column 7 //connect instr 3 in to buck out
do: //sweep vin
instr_set: BATSIM-IN, DCvoltage, {vin_arr.[vin_arr_idx]}, 1
instr_set: BATSIM-OUT, DCvoltage, {vin_arr.[vin_arr_idx]};, 1
instr_set: INSTR-2 IN, DCvoltage, {vin_arr.[vin_arr_idx]}, 1
connect: A3 --> column 7 //connect 2wire to measure Buck out
do: // sweep Iload
instr_set: INSTR-2 IN, DCvoltage, 0, [1_out_t]
instr_get: BATSIM-IN, DCcurrent, Iin_buck, i_in
instr_get: BATSIM-IN, DCvoltage, Vin_buck, v_in
instr_get: BATSIM-OUT, DCcurrent, Iin_bb, i_in
instr_get: BATSIM-OUT, DCvoltage, vin_bb, v_in
instr_get: 2WIRE, DCvoltage, Vout_buck, v_out
instr_get: INSTR-3 IN, DCcurrent, Iload_buck, i_out
var: i_out_t += 0.01
while: [i_out_t] < 0.76 //originally 0.4
disconnect: A3 --> column 7
var: i_out_t = 0.01
var: vin_arr_idx++
while: [vin_arr_idx] = 3
disconnect: All

instr_set: INSTR-2Z IN, DCvoltage, O, 1
instr_set: BATSIM-IN, DCvoltage, 0, 1
instr_set: BATSIM-OUT, DCvoltage, O, 1

J/BUCK efficiency sweeps stop

4 [

Figure 28. Test script for DC output voltage vs. lload vs. VIN.

The test script is loaded into ATAC and executed. The measurement results are
automatically stored to a user specified TDMS file. TDMS is a file format developed by
National Instruments and is designed for storing measurement data. The TDMS file can
be read into Excel for post processing using a free TDM Excel Add-in [28]. The
measurement data seen in Excel is shown in Figure 29. There are five times more
measurement data in the table that is seen in the Figure 29 but the picture gives a basic
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view of what the output data of the ATAC looks like. In this case the “Eff (%) column
is added afterwards in Excel but it could be automatically generated by ATAC also if
the test script was modified to calculate efficiency at real-time when the test is being
executed. Other columns in Figure 29 are automatically generated by ATAC.

42
43
44
45
AR

A B

C

D

lload_buck Vout_buck Vin_buck Vin_bb

-0,00010001  1,203816
-0,01010113  1,2008473
-0,02010184 12009064
-0,03010308  1,1981516
-0,04010425 1,1959803
-0,050106586  1,1948121
-0,08010518  1,1828021
-0,07010854 11918188
-0,08010745  1,189037
-0,08010851  1,1935254
-0,10011114  1,1534364
-0,10853542  1,183417

-0,1185382  1,1533247
-0,12853323  1,1932357
-0,13853455 1,1931831
-0,145555838 1,1831144
-0,15854528 1,1530114
-0,16855483 1,1929233

-0,1785823 1,192831
-0,18%55633 1,1527665
-0,19855519  1,1526829
-0,20855005 11925142
-0, 21853721 11825178
-0,22553254 11524285
-0,23852638  1,182378
-0,24552661 11922728
-0,25852386 11822128
-0,26853131 11821238
-0,27953165 11920164

-0,2885222 11519134
-0,259553441 11818178
-0,30853112  1,1917384
-0,31953564  1,1916204
-0,32853352  1,1915785
-0,33852364  1,1914658

-0,34851587  1,1513352
-0,35851857  1,1912544

-0,3685026 1,1511514
-0,37850164  1,19101594
-0,38850261  1,1909335

-0,3985226 1,1508208
-0,40850453 1,1807005
-0, 41850774 11905879
-0,42545879 11504845

N A20C47927 4 AGNATRC

M4 4 » M| Data table

2,459304
2,459901
2,499918
2,459901
2,459395
2,459901
2,459903
2,459905
2,459932
2,459925
2,459933
2,4599272
2,499913
2,459925
2,499907

2,49991
2,459925
2,4599272
2,459935
2,459935
2,499944

2,49904
2,459951
2,459955
2,499958
2,499959

2,45959
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2,499932
2,499955
2,499955
2,459581
2,459925
2,4599233

2,50001
2,500018
2,500018
2,500027
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2,500044
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2,50004
T EANN3A

¥
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2,453084
2,493935
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2,493936
2,493937
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2,453931

¥ AGALTIC

E
lin_buck
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001157286
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002855252
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0,05157403
0,05750016
0,05253504
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017735444
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01505252
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025261572
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N F¥TAICCAT

F
lin_bb

00077234
000773383
0,00772252

0,0077293
000774153
000774379
000773248
0,00773427
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000774555
0,00773021
000772838
0,00771345
0,00772703
0,00773429
0,00772024
000772575
0,00773745
000772328
0,00773111
0,00772251
0,00771754
000772658
0,00772071
000772885
0,00772205
000772885
0,00771708
0,00772567
0,00771481
0,00772161
000772478
0,00774082
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0,00772161
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000772089
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0,0077207
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0,00772295
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83,4407
83,3871
83,7382
83,852
24,1504
24,3752
24,3098
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83,1158
83,4817
83,6295
83,6634
83,6787
83,8512
83,5128
83,4491
83,3027
83,1431
82,9554
82 7677
82,5511
82,3152
82,0615
81,8321
81,5725
81,3114
31,0528
20,7803
20,5111
80,2227
79,9405
79,6452
79,344
79,044
78,7449
78,4434
78,1401
77,3328
77,5222
77,2088
76,9017
76,593
TR ¥TTT

Figure 29. Measurement data generated by ATAC loaded into Excel.

The next step is to post process the measurement data. The data should be converted to
a graph for easy examination and desired key parameters should be generated from the
data. This post processing is done by hand using Excel or other similar tool. Figure 30
shows a graph that visualizes the measurement data seen in Figure 29. The graph was
constructed by hand using tools of Excel. X-axis of the graph is the load current from
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DUT to load. The values have minus sign because the current is towards the source
meter that was used to measure the current. Y-axis represents the overall power
efficiency of the DUT in percentage. The efficiency is calculated using formula:

Power ef ficiency (%) = F;ff“‘ x 100% = % x 100%. (1)
S0
] I \\
60 ‘\1

o0

a0 — Eff( %) Vin 2,5V
——Eff(%) Vin 3,7V
30 EFf(%) Vin 4,5V

20

10

41

-0,010001045
-0,040003613
-0,070008226
-0,100010492
-0,129432172
-0,158435362
-0,183450054
-0,219442308
-0,249431819
-0,279432356
-0,309434682
-0,339440554
-0,369422346
-0,399411
-0,429426044
-0,458429651
-0,489422828
-0,519424498
-0,549444914
-0,579458416
-0,608440882
-0,639431834
-0,6694538
-0,699436009
-0,729453981

Figure 30. Efficiency with different supply voltages and load currents. Y-axis = efficiency (%), X-axis = load
current.

6.3 Usability and flexibility

ATAC was used several months by end users after the development had reached stage
where real characterization tests could be executed. User feedback was gathered
continuously through this time for future improvements. The GUI of the software was
considered successful as being simple and easy to use, yet providing enough
customizable parameters. The debugging capabilities (being able to pause a test and
manually sending commands) were also considered to be useful and well implemented.
The ATAC was able to handle three different kinds of ASIC circuits that were
evaluated through the project. New features and support for new adapters and
instruments were successfully implemented through the development process due to
hardware abstraction layer and modular nature of the software.

Negative feedback was received about the handling of numbers in test script.
Because the software lacked unified means of handling numbers, all commands were
not directly compatible with each others. Some commands handled numbers with a
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prefix (0x, Ob, 0d) and others without the prefix. The prefix explicitly tells the ATAC
command handler that a character is to be handled as a certain type of number. This
issue could be fixed in the future by modifying all commands to take number
parameters with a prefix. Another negative feature was that when debugging a test
sequence user makes constantly small modifications to the script. However loading the
script into ATAC requires multiple interactive actions from the user which becomes
annoying after loading the slightly altered test into the program many times. This could
be fixed by adding a reload button to the GUI which would reload the current test from
file system to ATAC.

Overall user experience gathered from the end users was positive and the ATAC
was considered to be a better solution than the previous test sequencer software that
was used before ATAC. The fact that user can track the test execution and view
measurements at real time combined with the debugging capabilities was the main
improvement compared to previous software solutions.
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7 Future improvements

Possible future improvements to ATAC are presented in this chapter. Some
improvements would extend the features of the ATAC beyond its original specification
where as other improvements would be smaller changes that would affect and improve
the current features of the ATAC.

7.1 Post processing of characterization data

Post processing the data ATAC generates turned out to be laborious due to large
number of data points and data files generated. When the number of Excel data files
increased it became hard to manage all the data effectively. Third party data mining
software was considered but suitable compatible software was not found. Adding data
post processing capabilities into ATAC would provide one integrated solution that
could handle all the data handling. Being LabVIEW application ATAC could also be
easily made to read data from TDMS files which is a file format developed by the same
company as LabVIEW. LabVIEW also provides graph frameworks so measurements
could easily be converted into graph format.

7.2 Synthesis of circuit simulators and ATAC

When a new ASIC circuit is designed its operation is simulated by a design engineer.
After design phase the circuit is sent for manufacturing. The manufacturing of an ASIC
device can take a few months and at that time the engineer cannot proceed with the
project. Writing test scripts for ASIC beforehand could be done but it is reasonable only
to a certain point because the possibility of bugs in the prewritten test scripts is great. If
being able to model lab evaluation environment in circuit simulator the engineer could
create and test evaluation scripts on a simulator and then convert the simulation scripts
into ATAC test scripts. The conversion should be done automatically by a software so
that engineering effort would be minimized. The synthesis of circuit simulators and
ATAC was discussed in high level during the development of ATAC but the challenges
that exist were not fully assessed yet. However the idea is tempting.

7.3 Other future improvements

Other future improvements include adding support for different instruments and
adapters as well as automatic controlling of environmental chambers. Making all
commands to require prefix for numbers would simplify test scripts because
conversions from one number type to another would simplify and parsing prefixes to
numbers with separate commands would become obsolete. Also reloading a test script
into ATAC could be made easier by adding a separate reload button. Graphical test
script creation could be implemented in the future if the syntax of test commands turns
out to be too difficult. Also a manual control window for instruments could be added to
configure instruments using graphical interface.
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Summary

This paper introduced a control and data collection software, ATAC, for automatic
testing and evaluation of ASIC circuits. ASIC circuits were first discussed in general
level and the reader was provided with information about testing and evaluation needed
in production of ASICs. The basic idea of evaluation is to measure and test whether a
new device works as it is designed to. It was shown in this thesis that using ATAC for
automatic evaluation of ASICs can provide savings in time and money for a company if
a large number of tests need to be performed.

The lab environment where ASIC software was designed to be run was
introduced in detail to provide the reader understanding of the whole system. The main
components of the system were

- ACE board that routes instruments automatically to different pins of DUT

- Instruments that supplied voltages and currents to DUT and retrieved
measurement data from the circuit

- Bench EVM board that provides device specific external components for the
ASIC and mounts to ACE board

- Adapters that convert communication from one protocol to another to enable
communication across the system.

Object oriented programming has shown its superiority when dealing with large
applications which is why OOP was used with LabVIEW to develop ATAC. In
addition to modular and scalable structure of the software this enabled construction of
hardware abstraction layer so that adding new hardware support to the software is easy
and does not involve modifying the main source code. The ATAC was designed so that
it supported parallel execution of different tasks which enables the user to work with
other parts of the software at the same time a test is being executed. The software
development was managed by a Spiral type of life cycle model where different stages:
specification, design, implementation and testing were practiced in a cyclic manner.
Use of ATAC was described briefly and the reader was provided a basic understanding
of how the software is to be used.

Successfulness of the ATAC software project was assessed by comparing the
final software to the specification and by user feedback received from the end users
who performed several evaluation measurements for real ASIC devices using ATAC.
The features and usability of ATAC were considered to be good and clear improvement
to previous software solutions. Comparing the amount of data ATAC was able to
produce in a same amount of time as a human doing the same measurements the ATAC
proved it’s superiority over manual testing. As a result more data could be gathered
than before and the device under test could be tested in various different conditions.
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Appendix

A  Supported commands in ATAC

instr_init: <instrument name>, <2/4-wire>, <front/rear>

Initializes specified instrument. Instrument terminal (front/rear) is selected as well
as whether the instrument uses 4-wire mode for accurate sensing.

instr_close: <instrument 1 name>, <instrument 2 name>, ... , <instrument N name>

Closes communication to all specified instruments.

instr_get: <instrument name>, <parameter 1>, ... <parameter N>, <var 1>, ..., <var
x>, <channel 1>, ..., <channel y>

Instructs specified instrument to take measurement and return result. Parameters
1...N are instrument specific parameters and depend on whether the instrument is
multimeter, source meter or battery simulator. After instrument specific
parameters variables and channels can be given for storing measurement result.

instr_set: <instrument name>, <function>, <value>, <compliance level>

Instructs specified instrument to source desired voltage or current. Instrument can
source meter, battery simulator or power source.

connect: <ACE board terminal x> --> <bench EVM column y>, ... , <ACE board
terminal z> --> <bench EVM column k>

Connects instrument from specified ACE board terminal to a specified bench
EVM board column. ACE board terminal can be one of the following: Al, A2,
A3, A4, Bl, B2, B3, B4. Bench EVM column can be one of the following:
column 0, column 1, column 2, column 3, column 4, column 5, column 6, column
7.

disconnect: <ACE board terminal x> --> <bench EVM column y>, ... , <ACE board
terminal z> --> <bench EVM column k>
Disconnects specified instrument connection. See connect command for more
information about the parameters.

disconnect: Instrument matrix
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Disconnects all instruments from bench EVM board.

disconnect: Power relays

Opens all power relay connections.

disconnect: All
Disconnects all instruments from bench EVM board and opens all power relay
connections.

resload: <value>

Sets resistance value of ACE board resistance load to a specified value.

set_local_meas_folder: <relative path>

Modifies existing measurement folder path. The modified folder path is valid
only in a test where this command is executed.

set_global_meas_folder: <relative path>

Modifies existing measurement folder path. The modified folder path is valid for
all tests that are executed after this command.

write_read_uart: <adapter name>, <string to send>, <variable where read data is
stored>

Sends UART command using specified adapter. Read data is stored in a variable
specified by user. UART settings must be configured before executing this
command.

write_read_spi: <adapter name>, <data to send in hex format separated with
whitespace>, <variable where read data is stored>

Sends SPI command using specified adapter. Read data is stored in a variable
specified by user. SPI settings must be configured before executing this
command. Data to send is given in hexadecimal format. For example: 80 01 FF
sends 24 bits in groups of 8 bits.

write_i2c: <adapter name>, <address>, <register>, <data>
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Sends 1°C write command using specified adapter. 1°C settings must be
configured before executing this command.

read_i2c: <adapter name>, <address>, <register>, <variable where read data will be

stored>
Sends I°C read command using specified adapter. I°C settings must be configured
before executing this command. Last parameter is a variable where the read data
will be stored.

write_gpio: <adapter name>, gpio <x> = <high/low>, ... , gpio <z> = <high/low>
Sets selected GPIO lines high or low. GPIO settings must be configured before
executing this command.

read _gpio: <adapter name>, <variable 1> = gpio <x>, ..., <variable n> = gpio <z>
Reads selected GPIO line states to specified variables. GPIO settings must be
configured before executing this command.

var: <operation 1>, ..., <operation N>

Performs variable operations. Operations can be initializing variables or
performing calculations. The operation parameter can be following types:

e X e X*=2
e X=0 e X/[=2

o X++ e X=1+2
o X— e Xx=3-1
e X+=3 o X=2%4
e X-=24 e X=4/2

Variable’s value can be accessed anywhere from a test script by writing variable
name and adding [ ] around it.

array: <array name> = <element 1>, <element 2>, ... , <element n>
Sets array elements. Array elements can be accessed anywhere from a test script
by writing {<array name>.<element index>}

wait_ms: <delay in milliseconds>

Delays test execution for amount of time in milliseconds specified by user.
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wait_s: <delay in seconds>

Delays test execution for amount of time in seconds specified by user.

pause:

Pauses test execution until user instructs the program to continue.

channels: <channel 1 name>, ..., <channel N name>
Specifies channels that are used for storage for measurement data. Channel data is
shown in main window graph and the data is stored into TDMS file when test is
finished.

channel_put: <channel name> <-- <value to add>

Appends a decimal valued number to a specified channel data.

channel_put: <value to add> --> <channel name>

Appends a decimal valued number to a specified channel data.

increment_bits: <variable name>, <range>, <increment amount>

Range defines bit indexes that are used to get a sub set of bits of a variable value.
This set is incremented by the specified amount. Example of range definition: 0-
3. This gets bits from variable that are at indexes 0, 1, 2 and 3 starting from least
significant bit.

decrement_bits: <variable name>, <range>, <decrement amount>

Range defines bit indexes that are used to get a sub set of bits of a variable value.
This set is decremented by the specified amount. Example of range definition: 0-
3. This gets bits from variable that are at indexes 0, 1, 2 and 3 starting from least
significant bit.

set_trim_bits: <variable name>, <range>, <measurement channel>, <target value>

Finds value from measurement channel that is a closest match to a specified
target value. Writes index of closest value in channel to a variable value subset
defined by range. Example of range definition: 0-3. This gets bits from variable
that are at indexes 0, 1, 2 and 3 starting from least significant bit.
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reverse_bits: <variable name>
Reverts the bit representation of a variable value and stores the result back to the
variable.

concate_strings: <variable name> = <string 1>, ..., <string n>

Concatenates all the strings and stores the result in a variable.

string_subset: <variable name> = <original string>, <range>
Gets subset of original string and stores the result in a variable. The indexes of
original string that are included in a sub string are defined by range parameter.
Example of range definition: 0-3. This gets four first characters from original
string starting from left.

hex2bin: <variable name> = <hex value>

Takes hex value and stores it in binary format in a specified variable.

bin2hex: <variable name> = <bhin value>

Takes binary value and stores it in hexadecimal format in a specified variable.

binary_and: <variable name> = <value 1>, <value 2>

Performs binary AND operation for the two values and stores result to a variable.

binary_or: <variable name> = <value 1>, <value 2>

Performs binary OR operation for the two values and stores result to a variable.

maximum. <variable name> = <value 1>, ..., <value n>

Gets largest value from the given values and stores it into a variable.

maximum. <variable name> = <value 1>, ..., <value n>

Gets smallest value from the given values and stores it into a variable.
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absolute: <variable name> = <value>

Gets absolute value of the given parameter and stores the result to a variable.

custom_module: <relative path to a module>

Executes an external LabVIEW VI located in a path specified by user.

do:

Starts a do-while loop structure.

while: <value 1> <operator> <value 2>
Exits do-while loop structure if the condition specified is true. Operator can be <,
> <= >= ==or l=,

if: <value 1> <operator> <value 2>
Starts conditional structure if condition is true. Operator can be <, >, <=, >=, ==
or!=.

else_if: <value 1> <operator> <value 2>
Starts conditional structure alternative to previous conditional structure if
condition is true. Operator can be <, >, <=, >=, == or I=,

else:
Starts conditional structure alternative to previous conditional structure if
previous structures were not executed.

end_if:

Ends conditional structure. Must be placed at the end of conditional structure.
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