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Abstract 
Electronic circuits designed and manufactured by Prodrive Technologies consist of discrete 
passive and active components as well as integrated circuits (ICs) on a printed circuit board 
(PCB). During the PCB assembly process, for which Prodrive Technologies is responsible, defects 
might occur. To prevent defective systems from being shipped to customers, in-circuit testing 
(ICT) is used to detect PCB assembly defects. Prodrive Technologies is developing an automatic 
ICT generator that creates tests capable of detecting defects that might have occurred during PCB 
assembly. In a previous student project, an automatic ICT generator was developed for discrete 
passive components. In the project reported here, the automatic ICT generator is extended for 
discrete active components, such as diodes and transistors. This document describes the research 
and development work carried out in that project. The aim of the automatic ICT generator is to 
maximize defect coverage while minimizing test execution time. In addition, test generation time 
is optimized to generate the ICT tests in a reasonable time. The proposed generator uses 
algorithms that model circuits as directed graphs. The algorithms calculate shortest paths in the 
graph to detect low-resistance branches that could potentially make a test infeasible. The way we 
translate circuits into graphs is described, together with many electrical-based optimizations that 
are performed to reduce the graph size. On the hardware side, the test circuits and stimuli are 
discussed. The implemented algorithms were validated by successful execution of the 
automatically generated tests on real products manufactured by Prodrive Technologies. The 
results of the largest board tested showed that the generator is capable of providing, in less than 
four hours, a minimal set of ICT tests that covered more than 80% of the defects on the tested 
active components. 
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1Introduction 

Since the invention of the transistor by John Bardeen and Walter Brattain in 1947, electronic 
devices have been introduced more and more in our daily lives. Nowadays, almost any product 
we can buy has some kind of electronic systems embedded in it. Electronics are present in gift 
cards, home appliances, cars, planes, etc. The expectations of the users have also grown alongside 
the electronics industry. To satisfy the users’ desires, lots of efforts are put in by the electronic 
manufacturers to improve their products in any way imaginable (cost, performance, size, 
autonomy, reliability…). In this continuous process of improvement, the verification and testing 
procedures have become key during the manufacturing of electronic products. However, the 
verification of designs and the testing of devices are not activities that add a value to the end-
product, but rather guarantee that the shipped products meet the established requirements.  

Prodrive Technologies is a company that designs and manufactures electronic products for 
customers in the health-care sector, the automobile industry, and the semiconductor industry, 
among others. The main activities at Prodrive are the design of electronic products and the 
assembly of components on printed circuit boards (PCBs). During the manufacturing process, 
many different tests are performed on the products to guarantee that only defect-free devices 
reach their customers. These tests must be created and debugged by engineers with a wide 
knowledge of circuit designs and then they are brought to production to be executed on the real 
assembled boards. It can be deduced, then, that testing is not an easy and cheap procedure. 

In order to make more cost-effective tests, Prodrive is investing on the research and development 
of automated solutions for the generation and execution of tests. This investment has already 
shown its benefits with the creation of the Automated Electric Test (AET) equipment and the Test 
Design Tool (TDT). The AET is a system that automates the execution of different types of 
electrical tests. The TDT, on the other hand, is software that assists engineers during the creation 
of tests, with the possibility to automatically generate some of them. One of these automatic 
generators was developed in 2017 by Van Schaaijk [1] to create in-circuit tests (ICTs) for passive 
components. Given the success of that project, it was decided at Prodrive to extend the 
functionality of the automatic generator of ICTs. In this project, a proof-of-concept of an automatic 
generator of ICTs for discrete active components is presented. The ultimate goal of the project is 
to enable a future implementation of a robust ICT generator for active components on the TDT. 

The remainder of the report is structured as follows. Chapter 2 covers the background knowledge 
required to understand how ICT works and the characteristics of active components. Chapters 3 
and 4 introduce the context in which the project has been developed and define the research 
problem respectively. In Chapter 5 the current state-of-the-art of ICT and the automatic 
generation of tests is summarised. The boundaries and assumptions of the project are described 
in Chapter 6, whereas Chapter 7 presents a naïve implementation of a test generator. Chapters 8 
and 9 treat in depth the development phase of the project, including the translation of circuits 
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into graphs and all the generation algorithms. In Chapter 10, the qualification procedures and 
experimental results are discussed. Finally, Chapter 11 contains a discussion about the outcome 
of the project and possible future work. 
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2Background 

 Description of Prodrive Technologies 

The Master Thesis presented in this document was carried out at Prodrive Technologies B.V. 
Prodrive is a high-tech company founded in 1993 that focuses on the design and manufacturing 
of electronic products. The headquarters of the company are located at the Science Park of 
Eindhoven in Son, The Netherlands. To give an idea of the company size, in 2019 Prodrive had a 
revenue of 244 million euros, and around 1250 full-time employees. Prodrive caters to a wide 
range of application domains and, consequently, has a broad portfolio which includes embedded 
controllers, power conversion devices, high-performance, motors, etc. Many of Prodrive’s 
customers tolerate low defect rates in the devices they buy, which means that verification and 
testing are key stages during the design and manufacturing of these products. As a result, many 
resources are invested to improving the test procedures. A good example of this effort is the 
Automated Electric Test equipment, completely developed at Prodrive. The main purpose of this 
equipment is to improve and automate the test phase of the printed circuit board assemblies 
(PCBAs).  

 Testing in electronics manufacturing 

The exponential improvement in the performance of microprocessors and memories during the 
last decades made it possible for electronics to become faster, cheaper, and smaller. The 
combination of those three factors opened new opportunities to innovate in many different 
sectors: industrial, automotive, medical, agriculture, etc. Of course, this market growth also meant 
that electronic products have become more and more complex [2] and must satisfy higher norms 
in terms of reliability and safety than ever before. Therefore, many techniques are being 
developed to ensure that the products reach the customer with no defects.  

During the development phase of an electronic product, verification and validation techniques, 
like formal methods or simulations, are used to ensure that the design is correct. When a product 
surpasses all the prototyping stages and enters the production phase, test techniques are used to 
guarantee that the products are manufactured with no defects that, ultimately, could cause faults. 
It is important to remark that “a defect in an electronic system is the unintended difference between 
the implemented hardware and its intended design”, whereas a fault is “a representation of a 
“defect” at the abstracted function level” according to [3, p. 58]. This project focuses on the 
detection of defects that might be introduced during the assembly (placement and soldering) of 
components on a PCB. 

Errors caused by a wrong design (overlooked parasitic capacitances, deficient grounding, etc.) 
are not targeted by the test techniques discussed in this project. In the same way, the components 
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themselves as well as the PCBs are assumed to be tested by their own manufacturers. Hence, they 
are considered faultless when they arrive at Prodrive’s facility. 

 Overview of test techniques for PCBA defects 

The PCBA industry uses a number of inspection and test techniques to make sure that products 
are manufactured without defects. Each of these techniques used for board testing has its own 
benefits, costs, and limitations, and that is the reason why a combination of tests is required. In 
the following lines, the most popular types of tests are described. 

• Automated optical inspection (AOI): the AOI testing uses artificial vision techniques to 
detect defects in post-assembled boards. Since the sensing mechanism is optical, AOI can 
detect those defects that show a clear difference in appearance with respect to a known-
good board. For example, it can detect missing components, or components that are not 
correctly aligned. At the same time, it can detect serial numbers or other identification 
codes that are clearly displayed on the surface of the component [4]. On the other hand, 
AOI is not capable of detecting electrical defects nor defects hidden underneath the 
devices (e.g. bad soldering in ball grid array packages). 

• Automated X-ray inspection (AXI): the working principle of AXI is similar to that of AOI. 
However, in this case penetrating radiation (X-rays) is used to obtain information on the 
solder quality in connections underneath the components. This technology takes 
advantage of the different densities of the materials on the board to register defects that 
cannot be seen directly with AOI [4]. However, AXI cannot cover any defects on the 
elements with densities that are filtered out by the X-ray radiation.  

• Functional test (FT): functional tests aim to check whether the devices accomplish their 
mission-mode functionality. This type of test acts at a system level, providing different 
stimuli to the device and analysing the obtained responses. The main challenge of this 
technique is that enough input combinations must be considered to ensure that all corner 
cases are tested. Of course, due to the complexity of some circuits, this is not always 
possible, and then, the FT must be applied to subsystems or some trade-offs time-
coverage have to be established. Another drawback of this test technology is that, once a 
test fails, it is difficult to identify the root cause of the fault. To conclude, FT requires the 
board to be powered, and this always implies a higher risk of damaging the hardware 
under test. 

• In-circuit test (ICT): the aim of ICT is to verify the functionality of each individual 
component on the board while it remains unpowered. To do so, the equipment gains 
access to the terminals of the components on the board and connects sources and meters 
to them. One by one, each component is excited with small currents and voltages, while 
the response of the device is read back. In this way, it is possible to measure the electrical 
properties of the device (impedance, admittance, etc.). This kind of test can detect a wide 
range of defects that present an electrical deviation with respect to a fault-free board. This 
includes short circuits, open circuits, missing components, wrong polarity, and, in some 
cases, wrong components. ICT is an attractive technique due to the number of defects it 
can detect and the information it provides to locate the fault. However, it cannot always 
detect whether the correct component is placed on the board or not, and it cannot indicate 
misalignment. At the same time, in some cases it is not possible to test individual 
components due to poor access to their terminals or because of the influence of other 
devices on the board. In those cases, the test becomes more complicated or even 
impossible. 
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• Boundary scan (BS): boundary scan is a technique that uses designed-for-testing 
hardware embedded on integrated circuits (ICs) to generate stimuli and read the 
responses of the components on the board. To provide the manufacturers of ICs with 
norms to follow for the design and implementation of boundary scan hardware, the IEEE 
std 1149.1TM standard [5] was created. The main benefit of boundary scan is that it can 
provide access to most of the nets1  on the board by just having a few boundary scan-
compatible ICs on it. However, when not enough BS-compliant components are present 
on a board the impact of this test technique is limited [4]. Another characteristic of 
boundary scan is that it requires the board to be powered during the test. 

 PCOLA/SOQ properties 

Each test technique can detect different types of defects per component. However, not all 
components are susceptible to every defect. As an example, to illustrate this, resistors do not have 
polarity and, as a result, it is not possible to place them reversed in a PCB. Given the two previous 
aspects of defect-oriented testing, it is clear that some criteria are required to quantify the 
coverage that a test offers for a certain component. One of the most popular methods to evaluate 
the coverage of a set of tests for a component is to use the so-called PCOLA/SOQ parameters, 
introduced by Hird et al. in [6]. The PCOLA values aim to assess the device properties Presence, 
Correctness, Orientation, Liveliness, and Alignment. On the other hand, the SOQ parameters 
evaluate connection properties often associated with the solder [6]. Those properties are Shorts, 
Opens and joint Quality. In Table 2-1 the meaning of each parameter is described in detail. 

Table 2-1. Description of the PCOLA/SOQ parameters. 

Parameters Description 

P 
Presence of the component on the board. Answers the question: 
Is there a component placed on the board? 

C 
Correctness of the component on the board. Answers the question: 
Is the correct component (exact serial number) on the board? 

O 
Orientation of the component. Answers the question: 
Is the component placed with the correct polarity on the board? 

L 
Liveliness of the component. Answers the question: 
Is the component on the board giving any electrical response? 

A 
Alignment of the component on the board. Answers the question: 
Is the component correctly aligned in its position on the board? 

S 
Shorts caused during the connection of the component. Answers the question: 
Are there any undesired shorts after the connection of the component? 

O 
Opens caused during the connection of the component. Answers the question: 
Are there any undesired opens after the connection of the component? 

Q 
Quality of the joint between the component and the board.  
Answers the question: Is the solder quality good enough? 

It must be noted that the PCOLA/SOQ criteria were later extended with the functional properties 
FAM by the International Electronics Manufacturing Initiative’s (iNEMI). FAM stands for Feature, 
At-speed and Measurement [7]. However, since this project will focus on ICT, the functional 
parameters are not relevant for the coverage study and, consequently, only the PCOLA/SOQ 
properties will be considered. 

 
1 The connection of two or more terminals of components in a circuit. 
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To quantify the coverage of one or several tests according to the PCOLA properties of a 
component, a scoring method is presented in [6]. The method starts by assigning a device 
property weight (dpw) to each of the PCOLA parameters (p) according to the restrictions in 
Equation (2.1). The dpw addresses the need to give different importance to each parameter 
depending on the component under test (CUT). For instance, a resistor should get weight 0 for 
the Orientation property since it does not have polarity. Then, for a diode, liveliness might be 
much more important than correctness, and then their assigned weights could be 0.3 and 0.1 
respectively. The second step to be taken in the scoring process, consists of establishing a 
coverage value of the test for each property. These values are called device property scores (dps) 
and they can take the following values: 0 (when the property is not tested at all), 0.5 (when the 
property is partially tasted) or 1 (when the property is fully tested). For the case of ICT of a diode, 
correctness could receive a 0.5 since the forward voltage of the device can be obtained. Alignment 
would have 0 coverage, and presence would receive a 1. Following similar reasonings, the 
coverage of the rest of the properties can be assigned. If a set of tests (T) is performed on a 
component, the coverage value of a property will be the maximum of the coverages given by those 
tests according to Equation (2.2). To conclude the scoring process, the two estimated values are 
multiplied and summed together to obtain the raw device score (RDS) ‒Equation (2.3)‒. 

 

 ∑ 𝑑𝑝𝑤(𝑝)

𝑝 ∈{𝑃,𝐶,𝑂,𝐿,𝐴}

= 1        0 ≤ 𝑑𝑝𝑤(𝑝) ≤ 1⁄  (2.1) 

 

 𝑑𝑝𝑠𝑇(𝑝)𝑝∈{𝑃,𝐶,𝑂,𝐿,𝐴} = max({𝑑𝑝𝑠𝑡(𝑝) ∶ 𝑡 ∈ 𝑇})     (2.2) 

 

 𝑅𝐷𝑆(𝑑) = ∑ 𝑑𝑝𝑠(𝑝) ∙ 𝑑𝑝𝑤(𝑝)

𝑝 ∈{𝑃,𝐶,𝑂,𝐿,𝐴}

 (2.3) 

  
The scoring method for the SOQ parameters is essentially the same, with the only difference being 
the naming of the weights and scores. In this case, the coverage is associated to connection 
properties rather than device properties and, consequently, the weights are defined as 
connection property weights (cpw) and the scores as connection property scores (cps). As for the 
PCOLA case, the values are multiplied together, and the results are added to each other to obtain 
the connection score (CS) according to Equation (2.6). 

 

 ∑ 𝑐𝑝𝑤(𝑝)

𝑝 ∈{𝑆,𝑂,𝑄}

= 1        0 ≤ 𝑐𝑝𝑤(𝑝) ≤ 1⁄  (2.4) 

 

 𝑐𝑝𝑠𝑇(𝑝)𝑝∈{𝑆,𝑂,𝑄} = max({𝑐𝑝𝑠𝑡(𝑝) ∶ 𝑡 ∈ 𝑇})     (2.5) 

 

 𝐶𝑆(𝑐) = ∑ 𝑐𝑝𝑠(𝑝) ∙ 𝑐𝑝𝑤(𝑝)

𝑝 ∈{𝑆,𝑂,𝑄}

 (2.6) 
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 Discrete active components 

This project will focus on testing active components, PN-junctions or semiconductors (the three 
terms will be used indistinctly). To better understand the problem definition and the research 
and development approach, it is required to have some basic knowledge about these devices. 
Semiconductors are materials that have the capacity to work both as conductors and isolators 
depending on certain conditions of temperature and electrical excitation. Semiconductor 
materials can be doped with a shortage of electrons (excess of holes) or with an excess of 
electrons (shortage of holes). The former materials are called P-type semiconductors and the 
latter N-type semiconductors. When two regions of different types are in contact with each other, 
a PN-junction is created [8].  

PN-junctions are used in electronics to create active devices that can control the current flow in 
a circuit. The simplest of these devices is the diode, formed by a single PN-junction. This device 
has only two terminals called anode and cathode. The main characteristic of diodes is that they 
show low impedance when polarised from anode to cathode, and high impedance when polarised 
reversely, as Figure 2-1 shows.  

 

A K

 

VAK

I

 

Figure 2-1. Diode symbol (left) and its V-I graph (right). 

 

 

Bipolar transistors are composed by two PN-junctions connected together: NPN or PNP. This type 
of transistors has three terminals called emitter, collector, and base. The base acts as a  
current-controlled terminal that allows current to flow across the other two terminals. Hence, 
bipolar transistors are often considered current-controlled current sources. Figure 2-2 shows the 
symbols and V-I graphs of an NPN transistor, whereas Figure 2-3 displays the same information 
for a PNP transistor. The curves in the graphs correspond to different values of current through 
the base. 
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Figure 2-2. Bipolar NPN transistor symbol (left) and its V-I graph (right).  
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Figure 2-3. Bipolar PNP transistor symbol (left) and its V-I graph (right). 

 

 

Field Effect Transistors (FETs) are also created with consecutive regions of semiconductor 
materials of different types. FETs, however, are equivalent to a single PN-junction connected to a 
variable resistance channel. These components have three terminals called gate, drain, and 
source. The current from drain to source can be controlled according to the voltage on the gate. 
Therefore, FETs are also called voltage-controlled current sources. Depending on the technology 
of the FET device, its gate can be insulated from the channel or not. When it is, the current that 
flows through this terminal is nearly 0 A. In Figure 2-4 and Figure 2-5 the V-I graphs of MOSFET 
transistors are displayed. Each curve represents a different value of VGS. 
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Figure 2-4. N-channel transistor symbol (left) and its V-I graph (right). 
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Figure 2-5. P-channel transistor symbol (left) and its V-I graph (right). 

 

 

Other active devices can be constructed with more combinations of PN-junctions, such as 
insulated-gate bipolar transistors (IGBTs), silicon-controlled rectifiers (SCRs ‒Figure 2-6‒), 
diodes for alternating current (DIACs ‒Figure 2-7‒), and triodes for alternating current (TRIACs 
‒Figure 2-8‒) among others. All these components are often used in power electronics, mainly 
for AC applications. IGBTs, SCRs, and TRIACs have three pins, and one of them, the gate, acts as 
the control terminal. DIACs, on the other hand, only have two pins. These are the main discrete 
active components that can be found in an electronic circuit. Of course, there are more resulting 
from the combination of simpler devices, like the ones already mentioned. However, the 
consideration of additional active components is out of the scope of this project.   
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Figure 2-6. SCR symbol (left) and its V-I graph (right). 
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Figure 2-7. DIAC symbol (left) and its V-I graph (right). 
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Figure 2-8. TRIAC symbol (left) and its V-I graph (right). 
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3Context of the project 

In this chapter the context of the project is explained. This includes an in-depth description of ICT 
technology and the hardware and software that is currently being developed at Prodrive 
Technologies to perform ICTs. Prodrive is making an important effort to increase the test 
coverage in their products and to automate the test process from the test development phase to 
the execution of the tests in the production stage. Currently, several test technologies are being 
used in order to provide an extended coverage. Among all the available alternatives, ICT is still 
considered a crucial technique, since it can easily cover the liveliness property of components, 
and it also provides relevant information about the location of a defect once a test fails.  

 In-circuit test 

As briefly explained in Section 2.2, ICT is an electrical test technique that aims to check the 
properties of individual components already placed on a PCB. During the test, the boards remain 
unpowered and electrically floating, while only small parts of the circuit are excited with the 
required signals. Nowadays, ICTs are performed by automatic test equipment (ATE). To gain 
access to the CUT, the ATE is connected to the leads of the devices on the boards or to test pads 
placed on the board by the circuit designer. This process can be performed in two ways:  

• Bed of Nails: the boards are placed over a fixture that contains spring-loaded probes 
(nails), as shown in Figure 3-1. The position of the nails corresponds to the test pads or 
component leads considered by the test engineers to gain access to the boards. 
Consequently, one dedicated fixture is needed for each different product. Once the boards 
are in place, the equipment pushes it towards the bed of nails with any kind of mechanical 
system (pneumatic actuator, manual lever, vacuum, etc.) [9]. After this final step, the nails 
should be connected to the test points on the board. 

 

Figure 3-1. Bed of nails fixture for ICT.                                                                                                                                
Source: https://hackaday.com/wp-content/uploads/2019/01/main.png 
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• Flying Probes: the alternative to the bed of nails are the flying probes. In this case, the 
boards are attached to the ATE, and then, a set of probes is automatically moved to the 
different test points to make contact with them (as in Figure 3-2). After a test is 
performed, the flying probes are released from the current test points and moved to the 
following ones. The movement of the probes is programmed in advance for each type of 
product to be tested. 

 

Figure 3-2. Flying probes for ICT.                                                                                                                                          
Source: https://blog.matric.com/hs-fs/hubfs/ITC%20testing%20vs%20flying%20probe%20testing%202.png 

 

The latter method to connect the probes is more flexible than the bed of nails, but it is also slower 
due to the time spent in moving the test pins and because the number of simultaneously 
connected probes is limited. Hence, the bed of nails is usually preferable for large batches of 
products produced in series, while flying probes are better to test prototypes and other products 
for which few units will be manufactured [10, 11]. In Prodrive, the bed of nails is used given the 
nature of the products produced by the company.  

The probe-tips can also have different shapes to access components soldered to the board with 
different technologies (through hole, surface mount, etc.). Some of the probe shapes are 
enumerated by Buckroyd [9] and they are cylindrical, conical, pyramid, crown, needle, etc. 
(Figure 3-3). On its other side, each probe is connected to the test hardware of the ATE either 
with cables or through a connector. This hardware has one or more controllers that select the 
test circuits associated to each probe. For example, during a particular test, a certain probe can 
act as a current source, another as a voltage meter and the rest are left floating. Once a test is 
finished, the controller adapts the hardware to the new component or test.  

     

Figure 3-3. 3D representation of probe tips’ shapes. 
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3.1.1 Guarding 

The test probes can act as voltage or current supplies, as current or voltage meters, or they can 
be left floating. In addition to the previous roles, there is an additional important functionality 
called guarding. Guards are used to isolate the CUTs from other components on the board that 
might influence the measurements. This technique consists of connecting two nets in the circuit 
to the same voltage to ensure that no current is flowing through the paths between them. 
Guarding can be either passive (if the guarded nets are connected to 0 V ‒test ground‒) or active 
(if the guarded nets are connected to a voltage value different than 0). Figure 3-4 shows a test 
circuit for diode D1 in which passive guarding is used. To simplify the circuit as much as possible 
and avoid the influence of other components, a guarding point is placed between resistors R6 and 
R7, reducing the test circuit to a diode with a resistor in parallel. In the right side of Figure 3-4 
the resulting equivalent circuit is shown. 

R1

R2 R3

Q2

Q1

R4

R5

R6 R7

D1C1

 

R1

R2 R3

Q2

Q1

R4

R5

R6 R7 D1

 

Figure 3-4. Topology of a test circuit for diode D1 with a guard between R6 and R7 (left). 
Equivalent test circuit (right). In red, CUT. In blue, test equipment. 

3.1.2 ICT coverage 

In general, ICT can detect the defects that provoke an electrical fault on the CUT. For example, it 
is easy to detect an undesired open circuit in a component with ICT, but much more complex to 
identify the color of an LED. Among the PCOLA/SOQ properties, Presence, Orientation, Liveliness 
and Short/Opens are easily testable and they usually have full coverage with ICT. Correctness is 
more difficult to be tested since many different products often have similar electrical properties 
(e.g. two Schottky diodes from different customers). Then, alignment is directly impossible to be 
tested with ICT since it does not affect the electrical behaviour of the component. It must be taken 
into account that these are general rules that do not apply to every component to be tested in-
circuit. For example, a short can be hidden by a component that inherently has a low impedance 
path (e.g. a fuse).  

 The AET equipment 

The Automated Electric Test (AET) equipment from Prodrive Technologies is a modular inline 
system that performs electrical tests on populated PCBs [12]. The fact that the machine allows 
different test instrument modules to be used makes it extremely flexible and ideal for companies 
with a wide range of products in their catalog. This flexibility allows to lower the production cost 
and reduce the floor space requirements, at the same time that the test coverage and diagnosis is 
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improved. These features make the AET an industry 4.0-ready test system which is unique in the 
market. 

The AET is divided in two sections placed on top of each other. The top section contains two 
fixtures that hold the Board Under Test (BUT). The lower fixture often contains the bed of nails 
and it is fixed, while the upper one is movable, and its main function is to press the BUT against 
the test probes, even though it might also contain probes. In the bottom rack there is an Electrical 
Test System (ETS) composed of the power supplies, a backplane, and up to 16 ETS cards 
connected to it. Each ETS card has three interfaces (connectors) to provide power, 
communication to the control system, and I/O connections with the bottom fixture. The power of 
each ETS module is provided by independent 24 V/150 W power supplies to ensure electrical 
isolation between them, and the communication with control system is performed with a Gigabit 
Ethernet switch connected to the backplane. To better understand the configuration of the AET 
equipment, an image of the system is shown in Figure 3-5. 

 

 

Figure 3-5. Photography of the AET machine. 
Source: Prodrive Technologies. 

3.2.1 ETS modules 

One of the most relevant parts of the AET equipment are the ETS modules. As previously 
mentioned, the modules interface the bottom fixture using an I/O connector, which is linked to 
the test circuits implemented on the card. These circuits are controlled by the main FPGA of the 
module. Since the AET is built to be flexible and perform electrical tests of different nature, they 
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are also susceptible of having different hardware implemented. For this project, the ETS-ICT 
(config 0) module designed at Prodrive will be taken as a reference.  

The ETS-ICT board has 160 configurable test pins on its fixture connector. The pins are divided 
in four groups of 40 pins each with an associated test circuit. Each of these four test circuits is 
composed by the same test sub-circuits: the sources sub-circuit (voltage and current), the voltage 
measurement sub-circuit, the current measurement sub-circuit and the guarding sub-circuit. In 
addition, the pins can also be connected to the discharge circuit to protect the ETS hardware or 
to the ground of the ETS-ICT board (different from the test ground). Summarising, each pin can 
be connected to a voltage/current source, a voltage/current meter, to guard or to the ETS-ICT 
ground. This functional configuration is performed by a set of switches controlled by the main 
FPGA of the module. The discharge circuit is not used during the test, but every test pin must be 
connected to it before the test starts to protect the rest of the circuits on the module. A schematic 
of the ETS module circuit is shown in Figure 3-6. 

 

 

Figure 3-6. Test circuits on the ETS-ICT (config 0) module [1]. 
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The voltage sources of the ETS-ICT modules have a selectable voltage range from -4 V to +4 V and 
are isolated from the ETS ground to allow tests with guarding. There is no specific hardware to 
establish a limit for the output current of the voltage source. The main electrical characteristics 
of the voltage sources are summarised in Table 3-1: 

Table 3-1. Electrical properties of the voltage source on the ETS-ICT (config 0) module (internal Prodrive document). 

Parameter Description Min Typ Max Unit 

VS Voltage source output voltage -4 - 4 [mA] 

IVS, LIM Voltage source output current limit - 30 - [V] 

fVS Voltage source output frequency range 0 - 150 [kHz] 

 

The current sources of the modules have a configurable current output and are also isolated from 
the ETS ground. There is no specific hardware to set a limit for the output voltage of the current 
source. The electrical characteristics of the current sources are listed in Table 3-2: 

Table 3-2. Electrical properties of the current source on the ETS-ICT (config 0) module (internal Prodrive document). 

Parameter Description Min Typ Max Unit 

IS Current source output voltage -20 - 20 [mA] 

VIS, LIM Current source output current limit -5 - 5 [V] 

FCS Current source output frequency range 0 - 150 [kHz] 

 

The voltage measurement circuit can sense from -4 V to +4 V and signals of up to 150 kHz, while 
the current meter allows currents of -30 to +30 mA with the same range of frequencies. 

With respect to guarding, the ETS-ICT test circuits only provide passive guards, which means that 
guarded points in the circuit can be connected to the test ground, but not to any other voltage 
generated by the sources in the circuit. 

 The Test Design Tool   

To facilitate the work of designers and test engineers, a software tool called Test Design Tool was 
developed at Prodrive Technologies. This software allows the engineers to define a test strategy 
for a certain product and gives useful quantitative feedback in terms of coverage (according to 
the PCOLA/SOQ criteria), net access and test feasibility. In addition to this, the software can 
generate ICTs and boundary scan tests automatically. However, the generated ICT only apply to 
passive components (e.g. resistors, capacitors, and coils). One of the main goals of this project is 
to create a solid framework for the future automatic generation of ICTs for active components in 
the TDT application. 

The TDT takes input files such as test project archives, design-for-test requirements, test 
requirements, and BUT design files, and outputs a test specification file. This output file contains 
relevant information for the test engineers in a human readable format. The test project archives 
and the design for test requirements are also modified by the TDT during its operation and, 
consequently, they can also be considered output files of the software.  
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4Problem definition 

After presenting the background of the project, it is possible to clearly define the problem that 
this project aims to address. As mentioned in Section 3.2, the ETS-ICT modules (config 0) have 
already hardware implemented to perform ICT on active components. However, in Section 3.3 it 
is also pointed out that the TDT does not generate ICT for this type of devices. Hence, the next 
step will consist of extending the capabilities of the TDT software in order to increase the number 
of devices covered by the AET. This project will try to perform that task by creating a prototype 
software tool that automatically generates ICTs for discrete active components. The main aim of 
the prototype should be to create high-quality tests that maximize the coverage in Prodrive’s 
products. After this, the generator should select the minimal set of tests that guarantee that 
maximum coverage, in order to optimize the test time during Prodrive’s manufacturing process. 
Finally, the test generation must be bounded in time. Given the complexity of some products 
produced at Prodrive, to achieve generation times of seconds might not be realistic, but the 
software should not be less efficient than a human performing the same tasks.  

On the technical side, the generator should be able to read circuit design files, such as netlists, and 
analyse the testability of its active devices. Then, for the testable ones, the corresponding ICTs for 
the AET should be generated. Ideally, the application should also provide feedback to the test 
engineers regarding the causes of non-testable devices (limited node access, components in 
parallel, etc.). In addition, some quantitative information, such as device and board coverage 
(according to PCOLA/SOQ), is also desirable. 

In order to achieve the previous goals different sub-problems must be stated, before answering 
the main research question. These sub-problems will be discussed in the following sections. 

 Active devices to test 

As opposed to passive components, the variety of discrete active components is wide. The 
variations between active components come from different characteristics of a device: number of 
terminals, electrical functionality or values of electrical parameters. Therefore, the test process 
for the different components must be homogenised, or distinct test procedures must be defined 
for each case. The first approach is preferred for automation purposes, since it would imply that 
a generic test algorithm would be applied to all the discrete active components under test (i.e. a 
single procedure to test diodes, transistors, rectifiers, etc.). On the other hand, the second 
approach is less convenient, because it requires the identification of individual components and 
the definition of a test procedure for each of them (e.g. one for Zener diodes, one for bipolar 
transistors, on for FETs, etc.). In this latter case, a limitation on the number of components to be 
targeted by the ICT generator would, most likely, be required. Given the variety of discrete active 
components, a combination of the two previous approaches might be necessary for the automatic 
generator to work. 
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 Properties that can reasonably be covered 

After selecting the components to be tested, it will be possible to select the properties of those 
components that can reasonably be covered by an ICT. As previously mentioned, active 
components can have substantially different behaviours between each other. Hence, the 
characteristics to be tested in each case will have to be chosen. To make this decision it is also 
important to consider the limitations of electrical tests. For example, the identification of a serial 
number printed on a component cannot be performed with an ICT, but it belongs to the field of 
optical tests. In this particular example, to test the correctness of an active device on a board with 
ICT might not be ideal. As opposed to that, liveliness is not possible to be covered with optical 
inspection and, consequently, ICT is a better option in that case. Similar reasonings must be done 
for each of the PCOLA/SOQ properties of the discrete active components targeted by the 
automatic ICT generator. 

 Tests to cover each property 

The next question that must be answered is which types of ICT measurements would be needed 
to cover the properties of the devices under test. When performing an ICT, many choices can be 
made regarding the stimulus to use (current or voltage, continuous or alternating, etc.), their 
magnitudes, and where to apply them. Depending on the type of component and its tested 
property, different combinations of stimulus and measurement points can be used. In the case of 
passive components, for example, the use of alternating current is desirable to identify the 
complex components of coils and capacitors. This does not necessarily hold for active devices. 
Consequently, the different option must be studied, assessed, and selected. The use of guarding 
to isolate components or simplify the circuit analysis is also a factor that must be considered. 

 Test feasibility study 

In order to classify tests as “feasible” or “infeasible” the test generator must predict what the 
results of a test will be under given conditions (available test hardware, effect of parallel 
components, etc.). This process is typically performed by simulation (SPICE simulation in the case 
of electrical circuits) but it can also be done by detecting the conditions that make a test infeasible 
(environmental analysis). In the latter case, it will be necessary to identify which environmental 
conditions of a board would prevent a test from being performed. For example, in the ICT of 
passive components, small capacitors cannot usually be tested if they are placed in parallel to a 
big capacitor. In the case of active components, it is likely to find a similar situation with diodes 
in parallel. The benefits and drawbacks of simulation and environmental analysis must be 
assessed in order to select the best option for generating robust tests in a reasonable time. 

 Modelling of circuits 

Once all the electrical considerations are defined, the problem of modelling circuits must be 
addressed. The test generator should be a piece of software that receives a PCBA circuit 
representation as an input and outputs a file or files with the proposed tests and feedback 
information. In the intermediate steps, the software must perform some operations on the circuit 
such as topology analysis, simulation of test circuits, etc. To facilitate these operations, the format 
of the input circuit can be translated into different data structures. In the case of [1, 13, 14], graphs 
are used to perform circuit reductions and partitioning operations. For this project a similar 
approach could be used since the target products are, potentially, the same as for [1, 13, 14]. 
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However, the differences in behaviour between active and passive components must be 
considered when making this decision. The available algorithms for each data structure will also 
play an important role to make the proper choice. 

The choice of using a particular data structure to manage the PCBA circuits will bring new 
questions to be resolved. The components and nets on the circuit will have to be mapped into the 
elements of the data structure. In addition, the relevant information of those components and 
nets must be selected and kept.  



20  Automatic Generation of In-Circuit Tests for Discrete Active Components 

 



 
 

Automatic Generation of In-Circuit Tests for Discrete Active Components 21 

  

5State-of-the-art study 

After having defined the problem that justifies this project, the available ICT techniques and 
automatic test generation solutions were studied. Since the problem is extremely specific and 
involves many areas of knowledge, several resources had to be considered. Regarding the 
automatic generation of ICTs, in [1, 13, 14] Van Schaaijk et al. present a method to perform such 
a task for passive components. With respect to the testability of active devices, many resources 
can be found from the main electronics instrumentation and test equipment manufacturers. 
Finally, within Prodrive, there is useful documentation for ICT including testing files used on 
products that are currently in production.     

 Automatic generation of ICT for passive components 

One of the most important resources used in this project is the master thesis project that Van 
Schaaijk carried out at Prodrive Technologies in 2017 [1], and the subsequent papers [13, 14]. In 
this work, a proof-of-concept application that generates ICTs for passive components on 
Prodrive’s AET system is presented. The description of the problem and the introduction to the 
current status of the test industry are particularly interesting. The way in which netlists are 
translated into graphs to be handled by the ICT generation software is also useful and adaptable 
to the PN-junctions case. However, in [1, 13, 14] some assumptions are made that make it 
impossible to use the exact same approach to addressed the test generation for active 
components.  

Firstly, they assume that the use of low test voltages (200 mV or less) will keep semiconductors 
inactive. Therefore, active components are removed from the analysis. For obvious reasons, this 
assumption does not hold for this project. To test active components, the voltages and currents 
used must be, at least, high enough to activate the CUT. Once this is true for an active component 
in the circuit (the CUT), it will also hold for the other ones. In terms of test stimuli, some passive 
components (capacitors and coils) cannot be tested by DC analysis. In the case of active 
components this is not the case and DC signals might be used to avoid the influence of capacitors 
and coils. 

Another important difference with [1, 13, 14] is that, as opposed to passive components, active 
devices can have more than two terminals. This has an impact on the test requirements (more 
sources needed) and on the virtual translation of circuits. In [1, 13, 14], circuits are translated 
into undirected graphs with passive components as edges and nets and semiconductors as 
vertices. This approach works in their case because active components are ultimately removed 
from the analysis, but otherwise it would not be a proper solution. 

The last important difference between both projects comes from the linearity of active and 
passive components. The latter ones are linear and only need a couple of parameters (value and 
tolerance) to be modelled and simulated. On the other hand, active components are non-linear 
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and require many more variables for an accurate modelling. In some cases, there are even several 
models to choose from.  

Considering the previous facts, it is clear that the differences between [1, 13, 14] and this project 
make necessary the creation of completely new approaches to solve the automatic generation of 
ICTs for active components.  

 Current techniques to test discrete active components 

The complexity of active components opens different options to test these devices. For example, 
some active components can be decomposed into simpler ones. This makes possible to test those 
simple devices individually and extract conclusions about the behaviour of the complex device. 
Another possibility is to test PN-junctions for a given operating point/mode of operation, or for a 
larger range of voltages and currents. In the following sections some of the most used options in 
the industry will be described.  

5.2.1 Operational point test of discrete components 

Typically, active components can operate in two or three different regions, depending on the 
values of voltages and currents applied to their terminals. For example, diodes can be in forward 
bias or reverse bias, and transistors can be in active mode, saturation mode, or cut-off mode. By 
setting some operational points on the different modes, faulty components can be detected. The 
way to perform these tests, including the magnitudes that might be used in each case are listed in 
[15, 16, 17]. For diodes and transistors, to test two operational points should be enough to 
conclude whether the component is working correctly or not. Table 5-1 summarises possible 
operational points to test active components and the expected results in each case. 

 

Table 5-1. Possible operational modes to be tested for three types of active components. 

Component Operational mode Expected result 

Diode 
Reverse bias No current flowing through the diode 

Forward bias Current flowing through the diode 

Bipolar transistor 
Cut-off  No current flowing through the transistor 

Saturation Current flowing through the transistor 

MOSFET transistor 
Cut-off No current flowing through the transistor 

Saturation Current flowing through the transistor 

5.2.2 Component decomposition 

As mentioned in Section 2.5, discrete active components are built by interfacing semiconducting 
materials of different types (P or N). In some cases, complex devices can be studied as 
combinations of simpler PN-junctions. For instance, bipolar transistors are composed by three 
semiconducting layers: PNP or NPN. Consequently, they can be treated as two diodes connected 
together (Figure 5-1). For testing purposes, these parasitic diodes can be tested to derive some 
conclusions about the status of the component. In general, if both PN-junctions are proven to be 
correct, the transistor can be considered to be faultless. This approach is also widely used in the 
industry as mentioned in [15, 16]. The main advantage of this type of test is its simplicity, as it 
would uniformise the tests for diodes and bipolar transistors. The main drawback is that FETs 
cannot be tested in the same way and, as pointed out in [16], when a BJT has its base pin placed 
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in the middle of the other two terminals, orientation defects cannot be detected by testing the 
two junctions separately.    
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Figure 5-1. Bipolar transistors and their internal diodes. NPN (left), PNP (right).  

 

ICs are also susceptible of being decomposed. For each of the input/output pins on an IC there 
are a couple of clamping diodes as Figure 5-2 shows. One of the diodes has its anode connected 
to the ground pin of the IC, and its cathode connected to the input/output pin. The other clamping 
diodes has its anode connected to the input/output pin to the power pin of the IC [15]. Even 
though to test ICs is out of the scope of this project (there are better techniques to do so other 
than ICT), ICs will be present in the boards under test, and its influence on the tests must be 
evaluated. Given that ICs remain unpowered during ICTs their functional behaviour cannot be 
predicted. For this reason, to model them in terms of clamping diodes might be a good solution. 
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Figure 5-2. IC with three input/output pins (left). Internal distribution of clamping diodes (right). 

5.2.3 Analog signature analysis 

The analog signature analysis (ASA) is a powerful test method that checks components by 
obtaining their complete voltage-intensity function. To perform an ASA test, different voltages 
are swept between the terminals of the device while the current across the component is being 
measured. The frequency of the voltage signals can also be varied for a frequency analysis. Once 
the characteristic of the device is obtained, it can be compared with the expected one to detect 
possible faulty components. In the case of active devices, characteristics such as the forward 
voltage (for diodes) or the gain (for transistors) can be easily obtained with ASA. Some of the V-I 
curves of the most common components are shown in [18] by Huntron. The report shows 
signatures of both good and faulty components and gives an idea of the causes of the defects that 
might cause the fault (first two rows in Table 5-2). In addition, it shows the signatures of 
structures with several components in series or parallel and their effect on the resulting signature 
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(last two rows in Table 5-2). Cao et al. [19] present an ASA test method based on discrete signals 
and prove its feasibility by simulation and experimental methods. 

 

Table 5-2. Diodes in different situation and their correspondent signature. 

Device(s) under test Signature Test results 
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Faulty component: 
current leakage. 

 

VAK
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Faulty component: 
internal resistance. 
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Success: components 
are faultless. 
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Success: components 
are faultless. 
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From the previous resources, it can be concluded that ASA is a powerful test tool that not only 
provides relevant information about a single component, but also has the capacity to test complex 
structures with several devices in series and/or parallel. Despite these advantages, ASA is slower 
than the other test methods, since it tests many more operating points of the CUT. What is more, 
in ASA, the range of the test currents and voltages must be wider in order to have enough 
measurements to construct the function. This might create a damage risk if that range is not 
adjusted carefully for each case.   

 ICT performed on discrete active components at Prodrive 
Technologies 

Some products that are currently being produced at Prodrive Technologies are tested using 
commercial test equipment like the Agilent Medalist i3070. This system allows to perform many 
different types of tests, such as ICT, boundary scan, and other analog/digital powered tests. In the 
case of ICT, the system can do tests for shorts and opens, passive components and some active 
components such as diodes (Zeners, LEDs, Schottky, etc.) and transistors (depletion FETs ‒on 
when the gate voltage is low‒). In the case of BJTs, the machine can perform both a diode test 
between the base and the other two terminals, and a BETA test to obtain the gain of the transistor. 
FETs in enhancement mode (on when the gate voltage is high) can be checked with a powered 
analog test.  

The boards that are currently being tested with the i3070 have a wide variety of components, 
including many discrete active devices. To access the test files of those products provides insight 
into how real products are tested, which test values can be used and why some tests might fail. 
In addition, the tests are guaranteed to be correct since they are being used for years in 
production. This antiquity of the products is also one of the main drawbacks of using their test 
files as a reference. Nowadays the boards tend to be more densely populated and, consequently, 
the net access is much more limited than in products from previous years. Due to this fact, it is 
possible that some assumptions based on those test files are not valid anymore.   
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6Scope of the project 

The definition of the scope of the project includes the establishment of boundaries and 
assumptions for the project, based on the state-of-the-art study. Many of these bounds are 
derived from the electrical properties of the components under test. 

 Selection of active components to test 

Given the variety of discrete active components available and their different characteristics 
(electrically, physically, functionally, etc.), it is not possible to develop a general testing 
methodology that works for them all. To solve this issue, the list of targeted devices to test must 
be narrowed. The selection can be made according to different criteria like the cost of the devices, 
the criticality of their function, the number of units used or the defect rate. In order to maximise 
the tests coverage per board, it was decided that only the most frequently used active components 
would be targeted in this project. 

Once the selection criterion was chosen, measurable information was obtained from Orion, 
Prodrive’s database. Using this data source, the stock per component and the different number of 
models per device type were extracted and presented in Figure 6-1 and Figure 6-2, respectively.  

 

 

 

Figure 6-1. Stock per component type. 

 

Figure 6-2. Variety of different models per device type. 
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Figure 6-1 shows that diodes and NPN transistors are the devices with more stock, followed by 
FETs and PNP transistors. In terms of different models per component, diodes and channel-N 
FETs are the devices with more variety, followed by LEDs, protection diodes, Zeners and the other 
variations of transistors (Figure 6-2). On the other hand, the use of other devices like IGBTs, SCRs, 
DIACs or TRIACs is less common. Using the previous information, it was concluded that the 
following components should be covered by automatic test generation application: 

• Diodes (Schottky, Zener, LEDs, etc.) 

• Field effect transistors 

• Bipolar transistors 

The reader must note that the behaviour of uncovered components cannot be neglected, since 
they could be present on a board under test and could affect the measurements of CUTs. However, 
no test techniques will be defined for them in this project. 

 Selection of ICT techniques 

After selecting the active devices to be tested, another decision had to be made regarding the ways 
to test those components. In Section 5.2 operational point test of discrete components, the 
component decomposition, and the analog signature analysis were presented, together with their 
benefits and costs (summarised in Table 6-1).  

 

Table 6-1. Benefits and drawbacks of each test technique. 

Test technique Benefits Drawbacks 

Operational 
point test 

Simple 

Fast 

Low damage risk 

Provides little information 

Component 
decomposition 

Simple 

Fast 

Low damage risk 

Uniformises diodes and BJT tests 

Provides the least information 

Not valid for FETs 

Orientation not covered in BJTs 

Analog 
signature 
analysis 

Provides a lot of information 

Can test structures of components 

Complex 

Slow 

High damage risk 

 

Based on the assessment of each technique, the capabilities of the AET equipment, and the needs 
of Prodrive, the operational point test of discrete active devices was chosen. To make this 
decision, it was considered that the speed and simplicity of this method were more beneficial 
than the additional information provided by ASA. In terms of PCOLA/SOQ coverage, only the 
correctness parameter could get some improvement by using ASA but, in any case, it would never 
reach a score of 1. The component decomposition test was discarded because it cannot test FETs 
nor cover the orientation property of some bipolar transistors. 



 
 

Automatic Generation of In-Circuit Tests for Discrete Active Components 29 

 PCOLA/SOQ coverage for ICT of diodes and transistors 

Once the devices to be tested and the techniques to test them were selected, it was necessary to 
analyse which PCOLA/SOQ parameter could be covered. This coverage is expressed with three 
values as indicated in Section 2.4: 1 (full coverage), 0.5 (partial coverage), or 0 (no coverage). For 
this analysis, the components are considered isolated during the tests, with no components in 
series or parallel that can affect the results of the tests. 

With the previous considerations, it was calculated that the ICT would fully cover Presence, 
Orientation, Liveliness, Shorts and Opens for all the selected active components (Diodes, BJTs and 
FETs). On the other hand, ICT will not cover Correctness, Alignment nor soldering Quality. 
Correctness could be considered partially covered in some cases, as some relevant parameters of 
a diode (forward voltage) or a transistor (gain) can be obtained with ICT. However, that 
information is too marginal to make any proper conclusion about the correctness of the device 
and, consequently, no coverage was assigned to it. These conclusions also coincide with the 
coverage analysis of Buckroyd [9]. Table 6-2 summarises the PCOLA/SOQ scores for diodes and 
transistors. 

 

Table 6-2. PCOLA/SOQ coverage of ICT for diodes and transistors. 

Component P C O L A S O Q Possible in-circuit tests 

Diode 1 0 1 1 0 1 1 0 
Connect a current source in parallel to the 
diode. Measure the voltages for positive 
and negative current values. 

BJT (NPN) 1 0 1 1 0 1 1 0 

Connect a voltage source between collector 
and emitter. Connect a current source to 
the base. Measure the emitter current for 
positive and negative base current values. 

BJT (PNP) 1 0 1 1 0 1 1 0 

Connect a voltage source between emitter 
and collector. Connect a current source to 
the base. Measure the emitter current for 
positive and negative base current values. 

FET (N-Chanel) 1 0 1 1 0 1 1 0 

Connect a voltage source between drain 
and source. Connect a voltage source to the 
gate. Measure the source current for 
positive and negative gate voltage values. 

FET (P-Chanel) 1 0 1 1 0 1 1 0 

Connect a voltage source between source 
and drain. Connect a voltage source to the 
gate. Measure the drain current for 
positive and negative gate voltage values. 

 

 Selection of test circuits 

The flexibility of the AET equipment allows to configure a test circuit in many ways. On the other 
hand, its limitations establish some restraints that must be considered for the definition of a test. 
The main options to choose from are the type of sources (voltage or current), the type of meters 
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(voltmeter or amperemeter), and the type of signals to use (AC or DC). The previous resources 
permit the configuration of different test circuits per device. For example, a diode can be excited 
with a current source while the voltage from anode to cathode is measured, but it can also be 
tested using a voltage source while measuring the current across the device. Considering all the 
components to be tested and the sources/meters combinations, the test circuits in Table 6-3 to 
Table 6-7 were designed. 

To test diodes, a circuit with a current source and a voltmeter in parallel to the CUT was proposed. 
The reason for this is that diodes are current driven and one of their most relevant parameters is 
the forward voltage. Therefore, it is reasonable to make a current flow through the device while 
measuring this voltage value. In the reverse bias test, the current source should see a high 
impedance value across the diode and as a result, the measured voltage should be close to the 
maximum provided by the source. 

Table 6-3. Test circuits for diodes. 

Component: Diode 

Forward bias test Reverse bias test 

V

 

V

 
 

The test circuit for PNP bipolar transistors consists of a voltage source from emitter to collector 
while a current source is connected to the base. At the same time, an amperemeter measures the 
current on the collector. These circuit replicates the behaviour of bipolar transistors, which can 
be considered current-controlled current sources. It must be noted that, in the off test, the base 
must be connected to the emitter to not leave it floating (a current source of 0A is an open circuit).  

 

Table 6-4. Test circuits for PNP transistors 

Component: PNP transistor 

On test Off test 

A

 

A
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For NPN bipolar transistors the test circuits are similar to the previous case. The main difference 
is the direction of the current source in the on tests. Another difference is that the voltage source 
is now connected to the collector, while the current is measured on the emitter. 

 

Table 6-5. Test circuits for NPN transistors. 

Component: NPN transistor 

On test Off test 

A

 

A

 
 

 

Field effect transistors behave as voltage-controlled current sources. Consequently, it was 
decided to test them with two voltage sources. In the case of P-channel MOSFETs, the voltage 
source is connected from source to drain. At the same time, the gate is excited with another 
voltage source while the current on the drain is measured. Since the channel is P-type, the off test 
is achieved with a positive voltage on the gate. 

 

Table 6-6. Test circuits for P-channel MOSFETs. 

Component: P-channel MOSFET 

On test Off test 

A

 

A

 
 

 

Similarly to the previous case, N-channel MOSFETs are tested with two voltage sources. In this 
case, one of them is connected from drain to source, and the current is measured on the source. 
To achieve the on state is now required to provide a positive voltage on the gate. 
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Table 6-7. Test circuits for N-channel MOSFETs. 

Component: N-Channel MOSFET 

On test Off test 

A

 

A

 
 

Even though the previous circuits are the ones that the test generator will consider, and the ones 
used for qualification purposes, in some cases it might be beneficial to use a different 
configuration (a voltage source instead a current source, for example). It is important to note that, 
in all the previous circuits, net access to all the terminals of the components under test is 
assumed. This assumption will hold for the entire project. 

 Selection of test signals and magnitudes 

Although to provide values for the test sources is out of the scope of this project, some guidelines 
will be proposed. These guidelines will also be used for the selection of magnitudes and signals 
in the qualification experiments. With respect to the test signals, all the sources are assumed to 
use constant values. This facilitates the analysis of the test circuits and allows to neglect the effect 
of passive devices with complex components (capacitors and coils). Low frequency waves (ramp, 
sinusoidal, sawtooth, etc.) can also be used, ensuring that each point of the wave is maintained 
enough time to achieve a stationary state.  

For the selection of test magnitudes there are no constraints, but it is advisable to keep the 
sources values as low as possible to avoid damage risks. In addition to this, low current and 
voltage values reduce the number of components in the board that are susceptible to influence a 
measurement during a test. The reason for this is that, usually, semiconductors are only active 
after they are excited with voltages or currents above a given threshold. The higher the test 
voltages and currents are, the further they can propagate through the circuit with values above 
those thresholds. Some reference values for test sources are listed in Table 6-8. Those values were 
verified both with simulations and tests in real hardware. 

The use of current-limited voltage sources and voltage-limited current sources is also 
recommended, since some of the test configurations are likely to create low or high impedance 
paths that would bring the sources to maximum values. The ETS-ICT modules used for 
qualification purposes on this project do not have such circuits. 

 

 

 

 



 
 

Automatic Generation of In-Circuit Tests for Discrete Active Components 33 

Table 6-8. Reference values for the test circuits in Section 6.4. 

Component Test source Recommended value 

Diode Current source 1 mA ≤ i ≤ 10 mA 

BJT transistors 

Voltage source (emitter/collector) 1 V ≤ v ≤ 5 V 

Current source (base) 50 µA ≤ i ≤ 500 µA 

FET transistors 

Voltage source (emitter/collector) 1 V ≤ v ≤ 5 V 

Voltage source (gate) 1 V ≤ v ≤ 5 V 

 

 Simulation of test circuits 

To assess the correctness of the proposed test configurations and magnitudes, several 
simulations were carried out. The tested circuits were taken from the ETS-ICT qualification board 
designed at Prodrive Technologies. The used simulation software was LTSpice XVII (x64) running 
in a computer with 16 GB of RAM memory, an Intel Core i7-9850H processor and Windows 10 
operative system. Apart from the default components available in the software, a current limiting 
device was added using the intensity limit parameter of ideal diodes, as proposed in [20]. 

The first circuit to be simulated was composed by a single LED diode. According to the schematic 
of the ICT qualification card, there are three LEDs connected for testing purposes. One yellow 
(HT-191UY), one green (KPT-1608CGCK) and one blue (KP-1608QBC-D). As none of those 
devices was listed in the LTSpice libraries, the NSCW100 LED model was used. Then, a variable 
voltage supply was connected to the anode of the LED, in series with a current limiter (set to 1 
mA) as the one provided in [20]. To conclude, the simulation was carried out sweeping the voltage 
source from -5 V to 5 V in steps of 0,01 V. As Figure 6-3 shows, the current across the LED is 0 
until the voltage reaches a value over 1,5 V approximately. At that point, the current rapidly 
increases until it reaches the limit value of 1 mA at 2,75 V. 

V1

5V

D1

NSCW100

U1

Ilim = 1mA

.dc V1 -5 5 0.01
 

 

Figure 6-3. Schematic of the ICT for diode D1 (left) and the test results (right).                                                                                                     
The green function represents the voltage of the diode between anode a cathode,  

and the blue curve is the current across the device. 
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The following circuit to be tested was labeled as “Supplies for test circuits” in the ETS-ICT 
qualification board. That circuit has two MOSFET transistors (Si4910DY) connected in series and 
two groups of capacitors in parallel. Since the previous model was not available by default in 
LTSpice, Si4920DY transistors were used instead. Then, two test voltage sources were connected 
from gate to source and from drain to source, on each MOSFET (not simultaneously). The 
simulation was configured to provide two voltage values to the gates (0 and 5 volts) and a voltage 
sweep to the drains from -5 to 5 V in steps of 1 V. A current limiting device set to 10 mA was 
connected in series to the source to drain voltage source. 

The results of the simulation can be seen in the right side of Figure 6-4. Both functions represent 
the drain to source current of transistor M2: the green one corresponds to the case where the 
gate voltage is 0 and the blue one is the result obtained when the gate is set to 5 V. In both the 
previous cases, there is a negative current flowing when the drain-source voltage is reversed. 
This is due to the reverse protection diode from source to drain in MOSFET transistors. When the 
drain source supplies positive voltages, the drain to source current is either 0 (when 0 V are 
supplied to the gate) or 10 mA (when the MOSFET is driven with 5 volts). 

 

C2
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C1
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10µ 
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10µ 

L1 

M1

M2

V2

5V

V1

5V

U1
  

Ilim = 
10mA 10µ

Si4920DY

Si4920DY

.dc V1 -5 5 0.1 V2 list 0 5

  

Figure 6-4. Schematic of the ICT for MOSFET M1 (left) and the test results (right).                                                                                         
The green function shows the current from drain to source of transistor M1 when 0 V are applied to the gate.                                                                                                                          

The blue curve shows the same current when 5 V are applied to the gate. 

 

The last simulation to be performed corresponded to the ICT of a bipolar transistor in a UART 
circuit. In that sample circuit, a BC817 bipolar transistor is connected to several resistors and 
capacitors, together with a MMBT3906LT1 PNP transistor. To test the BJT, a current supply was 
connected to its base and a voltage supply was connected to the collector of the transistor. The 
current supply took values from 0 to 200 µA in steps of 100 µA, while the second one was swept 
from 0 to 5 volts in steps of 1 V. In that way, it was possible to obtain the graphs in Figure 6-5 
(left). The top graph shows the different current values through the base of the transistor. The 
resulting collector current values are shown in the bottom graph and, with them, it is possible to 
calculate the gain of the transistor. In this case, the gain varies between 350 and 400, which is 
within the range specified in the datasheet of the component. 
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V1

5V

.dc V1 0 5 1 I1 0 0.2m 0.1m

  

Figure 6-5. Schematic of the ICT for BJT Q1 (left) and the test results (right).                                                                                                  
The top graph shows the base current of transistor Q1 when 0, 100, and 200 µA are applied to the base.                                                                                                                          

The bottom graph shows the collector current corresponding to the base current values of the top graph. 

 Summary of assumptions for the project 

The content of the sections in this chapter can be summarised in a list of assumptions that will 
hold for the rest of the project. Those assumptions are the following ones: 

1. Only diodes (all types: LEDs, Schottky, Zeners, etc.) and transistors (FETs and BJT) will be 
tested. 

2. The machine will have access to all the terminals of the CUTs: two terminals in the case of 
diodes and three terminals for transistors. 

3. The power used during the test will be low enough to avoid damaging any device in the 
board. Typically, voltages of 5 V max. and currents of few mA. 

4. The tests will be performed using continuous current and voltage. 
5. As a result of the previous point, capacitors will be considered open as circuits and coils 

as shorts. 
6. Terminals of ICs will be modelled in terms of clamping diodes, from ground to the pin and 

from the pin to power. 
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7Test generator architecture 

After having discussed the electrical aspects of discrete active components, it is time to define the 
structure of a discrete active generator in order to start its development. However, before 
approaching the details of the final implementation, the generic architecture of a test generator 
and must be understood. 

 Generic architecture 

The structure of a test generator can be split into three main parts as Figure 7-1 shows. The 
processes carried out by each of those parts are the following:  

• Input file handler: is the part of the software in charge of reading the circuit files in the 
different supported formats. Apart from that, the “input file handler” must also extract the 
relevant information in those files and translate it to a more “machine-friendly” format if 
needed. After this step, the PCBA circuits should be stored in the data memory of the 
computer with an adequate format.   

• Generation algorithms: work on the formatted circuits to assess the feasibility of each 
possible test. This evaluation can be made by predicting the test results. Other tasks of the 
test generation algorithms are to assess the results, generate the test conditions when a 
test is feasible, and provide feedback about the infeasible tests.  

• Output file printer: is in charge of processing the information created on the previous 
step and present it in all the required formats: human readable, xml test files, C++ files, 
etc.  
 

Conversion 
process

Result prediction
Feasibility study

Print test files, feedback, 
coverage...

Netlist 
file

Test files,
coverage...

Human-readable
feedback

Machine 
representation

Feasibility
information

Input file handler Generation algorithms Output file printer  

Figure 7-1. Generic architecture of a test generator. 
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 Naïve implementation 

Using the generic test generator architecture as a framework, it is possible to make a naïve 
implementation of it with a SPICE simulator as the main actor of the generation algorithms  
(Figure 7-2). In this approach, a SPICE simulation is performed to predict the test results for each 
CUT. The complete list of tasks to be executed by the generation algorithms are the following 
ones: 

1. Search for all the active components on the PCBA circuit. 
2. Foreach active component, do: 

a. Place the sources and reference points of the test circuit. 
b. Select two DC operating points for the CUT. 
c. Simulate the whole circuit with the given sources. 
d. Compare the simulation results with the expected results and provide feedback. 

The reader must note that, foreach CUT, the test sources and reference points must be placed in 
different positions. This means that the number of simulations to be performed per PCBA circuit 
is the same as different discrete active components contains the circuit. 

 

Conversion 
process

Result prediction
Feasibility study

Print test files, feedback, 
coverage...

Netlist 
file

Test files,
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SPICE

 

Figure 7-2. Architecture of a test generator using a SPICE simulator. 

 

Having designed the workflow of the test generator, it was decided to evaluate the performance 
of the SPICE DC simulations. For this task, the open-source library SPICE Sharp [21] was chosen. 
Afterwards, several circuits of different sizes were selected from the available products at 
Prodrive Technologies. To conclude, each circuit was taken through the proposed workflow. The 
performance was then assessed according to two criteria: 

1. Similarity of simulated results compared to real tests results. 
2. Running time of the simulations. 

The first criterion was reviewed by visually checking the schematics to see if the simulation 
results were reasonable. This manual revision was feasible because it was not required to obtain 
high-precision values of currents and voltages, but rather the status (on/off) of active 
components. By following this approach, the simulation results were validated. Real tests could 
not be performed on this early stage of the project due to the unavailability of products with ICT 
fixtures (bed of nails). 
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In terms of time, there was a high disparity between the results of each board. Table 7-1 shows, 
the simulation times of the first three boards is low, whereas the simulation time of the last board 
is significantly higher. This proved that the SPICE simulation of complete circuits is not scalable. 
The reason for this is that SPICE simulators use modified nodal analysis (MNA) to calculate the 
voltages of the nodes in the circuit and the current through the branches [22]. The resulting 
system of equations is represented by matrices with at least as many rows as nodes are in the 
circuit. To resolve the system of equations successfully, the simulator must perform pivoting and 
reordering operations on the rows of the matrices [22, 23]. This is an expensive procedure in 
terms of time (compared to the rest of the process) and becomes problematic with circuits of 
several thousand nodes. 

   

Table 7-1. Elapsed time for the simulation of each circuit. 

Circuit name 
Total number of 

components 
Discrete active 

components 
Elapsed time 

ETS- UART 12 3 < 1 s 

RFID 202 23 < 10 s 

PADC8AX 1034 119 < 1 min 

Q-Drive MK2 2972 269 ~ 2 days 

 

Given the previous results, it was concluded that some optimizations should be applied to reduce 
the circuit size or to eliminate the SPICE simulation from the test generation operations. As an 
starting point, it was decided to follow a similar approach to the one used in [1, 13, 14] for the 
automatic generation of ICTs for passive components. In that case, the circuits are translated into 
graphs and then they are split using well-known graph algorithms. 
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8Graphs and optimizations 

An electronic circuit can be represented in many different formats such as schematics or text files 
containing the netlist of the circuit. Each of those formats has often a different purpose. For 
example, schematics can easily be interpreted by a human but are not ideal for computational 
tasks. Netlists, on the other hand, are the preferred format for SPICE simulators. Ultimately, in 
this project the goal is to simulate a given assembly with some test sources and meters and, 
possibly, some guarded nets. However, before taking this step, several operations must be 
performed on the circuit in order to model the behaviour of unpowered ICs and reduce the 
simulation times. To perform those actions on netlists is not an efficient solution since it would 
require making operations over strings of characters (search, delete, insert, etc.). Hence, it was 
necessary to look for a different representation of circuits capable of holding the relevant 
information and suitable for applying efficient reduction algorithms on them.   

 Graph alternatives 

Following a similar approach as [1, 13, 14], netlists can be translated into graphs to perform the 
pertinent conversions and reductions and, finally, convert the equivalent graph back to a netlist 
to be simulated. However, as opposed to [1, 13, 14] where all the relevant components are passive 
and had only two terminals, in this project active devices with many different characteristics had 
to be handled. Some important differences between active and passive components are that 
active components have an undefined number of terminals and they are not bidirectional (usually 
they allow current to flow only in one direction). 

The first step to translate any system to a graph is to realise which elements are contained in the 
system and which ones are contained in the graph. A graph G is a collection of vertices V and edges 
E that can be represented as 𝐺(𝑉, 𝐸). Depending on the configuration and properties of those 
vertices and edges, the graph can become a simple graph, a multi-graph, a hyper-graph, etc. The 
system, in this case, is an electric circuit with components and nets. Hence, components and nets 
should be mapped into vertices and edges to complete the transformation of the circuit into a 
graph. Van Schaaijk et al. [1] show several alternatives to perform this mapping and conclude that 
a convenient way to perform it is to represent components as edges and nets as vertices. 

In the case of discrete active components, the translation of components into edges is not straight-
forward. The reason for this is that some active components have more than two terminals 
(transistors, controlled rectifiers, etc.). However, what determines the electrical behaviour of 
these multi-terminal devices are the voltages and currents between their terminals. For example, 
the state of a MOSFET transistor depends on the voltage between its drain and source terminals, 
and the conductivity of a bipolar transistor is controlled by the current flowing from base to 
emitter.  
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Table 8-1. Translation of components into graphs.  

Component 
Voltage graph 
(undirected) 

Current graph  
(directed) 

Resistor   

T1 T2

 

T1 T2
 

T1 T2
 

Diode   

A K

 

A K
 

A K
 

PNP Bipolar transistor   

B

C

E

 

B

E

C
 

B

E

C
 

NPN Bipolar transistor   

B

E

C

 

B

C

E
 

B

C

E
 

P-Channel MOSFET   
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To represent the voltage drop between two nodes of a circuit a simple edge can be used. The 
voltage is a difference of potential between two points of the circuit and, consequently, it does not 
have a property of directionality. Therefore, the edge representing a voltage drop between two 
nets does not need to be directed. In the case of current, the situation is different. Current is a flow 
of electrons through a branch of a circuit and, as such, it has a value and a direction. Hence, 
directed edges are more convenient to represent currents as shown in [24]. This is especially 
important for circuits containing active components, given that some of these devices allow 
current to flow only in certain directions. Keeping these considerations in mind, the voltage drops 
between terminals of components on a circuit can be translated into an undirected graph, 
whereas the currents through components can be represented by a directed graph. The 
translation of components into graphs of voltages and graphs of currents is shown in Table 8-1. 

Electrically speaking, it is useful to keep information about current flows and voltage drops. In 
terms of pure graph theory, there are splitting and reduction algorithms that work exclusively on 
directed graphs, or on undirected graphs. Taking these two aspects into account, it is considered 
beneficial to use both graph representation and create functions to translate one into the other 
and vice versa. 

 General optimizations 

Taking the previously proposed graphs as a reference, several generic optimizations are 
proposed. These optimizations are said to be general because their application does not depend 
on the placement of test sources for a particular CUT. The generic optimizations are, therefore, 
performed only once, and they are based on electrical properties of the circuit. 

8.2.1 Removal of capacitors  

The first generic optimization that can be performed is the removal of capacitors from the circuits. 
The selected test techniques for discrete active components always use continuous current and 
voltage. This means that, once charged, capacitors cannot conduct any current and they can be 
considered as open circuits. The edges representing capacitor can therefore be removed from the 
graph as shown in Figure 8-1. Of course, the charging time of some capacitors might make a test 
undesirable in certain situations, but that is out of the scope of this project.  
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Figure 8-1. Initial circuit with capacitors (left). 
Equivalent DC circuit without capacitors (right). 
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8.2.2 Removal of coils 

As in the case of capacitors, coils do not play an important role in continuous current circuits. In 
fact, coils behave as short circuits when no alternating current sources are used. Therefore, 
another optimization that can be performed on the graphs consists of eliminating these 
components. However, in contrast to capacitors, the edges representing coils cannot just be 
removed from the graph. In this case, the nets (vertices) linked by a coil (edge) must be combined 
into a single vertex that connects all the adjacent components of the original two nets (see Figure 
8-2). Afterwards, the edges in parallel to the coil to be shorted and the edge representing the coil 
itself can be eliminated from the graph. This process can be repeated until no coils remain in the 
graph. 
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Figure 8-2. Initial circuit with coils (left). 
Equivalent DC circuit without coils (right). 

8.2.3 Removal of zero-Ohm resistors 

Sometimes 0Ω resistors are used in PCB assemblies to allow traces to cross each other. In practice, 
these components perform the same function as a wire or a short circuit and, consequently, they 
can be treated as such. Further reduce the graph size, 0Ω resistors can be eliminated in the same 
manner as coils, as shown in Figure 8-3. This, process implies both a reduction in the number of 
vertices and edges in the graph.  
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Figure 8-3. Initial circuit with 0Ω resistors (left). 
Equivalent DC circuit without 0Ω resistors (right). 
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8.2.4 Removal floating resistors 

Floating resistors are resistors with one disconnected net (no other components are connected 
to it). There are different reasons for having a floating resistor in the graph. It might, for example, 
be the result of applying any of the previous optimizations or it might just be associated to a 
connector that is not plugged at the time of the test. These components are electrically isolated 
from the rest of the circuit and can just be removed from the analysis (Figure 8-4). The same 
applies to other components such as transistors or diodes. However, these components are 
susceptible of being tested and they cannot be simply removed from the graph. The removal of 
floating active components can be performed or not depending on the test, i.e. if it is one of the 
components intended to be tested, it stays; otherwise it is eliminated. Therefore, the removal or 
active components cannot be considered a generic optimization, but a specific one. 
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Figure 8-4. Initial circuit with floating resistors (left). 
Equivalent DC circuit without floating resistors (right). 

8.2.5 Collapsing of parallel and series resistors 

In order to further reduce the number of edges and vertices from the graph, it is possible to find 
and collapse parallel and series resistors. A couple of resistors in parallel (connected to the same 
two nets) can be substituted by a single resistor with and equivalent value given by 
Equation (8.1). In a similar way, resistors in series (connected by a single net with no other 
adjacent components) can be substituted by a single resistor with an equivalent value given by 
Equation (8.2). It must be noted that the collapsing of a series resistor might allow a potential 
parallel collapsing of the new equivalent resistors and vice versa. Hence, this collapsing process 
can be done recursively until no series of parallel resistors remain. Figure 8-5 presents a situation 
in which this optimization is applied.  
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 𝑅𝑒𝑞 = 𝑅1 + 𝑅2 (8.2) 
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Figure 8-5. Initial circuit with series and parallel resistors (left). 
Equivalent DC circuit without series and parallel resistors (right). 

In Figure 8-1 to Figure 8-5, the general optimizations are applied to a circuit with eight 
components and 6 nets. This circuit is reduced to an equivalent one with only two components 
and two nets. 

 Specific optimizations 

Every diode or transistor is a potential CUT. To determine a test for such component, first the test 
sources and measurement connection points. This allows for more optimizations based on the 
new information. The application of these optimizations implies that a new graph must be 
calculated for each CUT. Nevertheless, for big graphs, this overhead is compensated by the 
reduction in SPICE simulation time. 

8.3.1 Removal of diodes adjacent to sources 

Knowing that in ICT the board under test is electrically floating, the nets with the highest and 
lowest voltages during a test are determined by the location of the test sources and measurement 
circuits. As a result, the conduction status of the diodes connected to these nets can be predicted. 
A diode whose anode is connected to the net with the highest voltage of the circuit will be 
conducting, whereas a diode whose cathode is connected to the same net is not conducting. The 
situation is exactly the opposite for the lowest voltage net (the test datum net). When a diode has 
its anode connected to this net, it will never be conducting, whereas a diode whose cathode is 
connected to the datum net will most likely be conducting. Once these diodes are identified, they 
can be either shorted or removed from the graph depending on their conduction status. In  
Figure 8-6 the red diodes adjacent to the voltage source would be open circuits and the green 
ones short circuits (considering ideal diodes). 

 

Figure 8-6. Diodes adjacent to a single voltage source.  
The red ones are non-conducting and the green ones are conducting. 
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It must be noted that when a source is flipped to change the test operating point of a device, the 
nets with the maximum and minimum voltage in the circuit also change. Consequently, the 
optimization must be performed twice per component (to test the conducting and non-
conducting states) and it will generate a different graph in each case. 

At first glance, this optimization might not seem to be extremely effective. However, most discrete 
active components in a PCBA are connected to the ground net, to a power net, or to both. These 
nets often have a big number of clamping diodes connected to them that can be removed from 
the graph using this method.  

8.3.2 Lowest impedance path 

After a CUT is selected it is also possible to analyse which paths are in parallel to it. The problem 
of calculating all the simple paths between the nodes of a graph is NP-complete by reduction from 
the longest-path-between-two-vertices problem [25]. Therefore, to analyse all the simple paths 
between the terminals of a CUT is not an option. On the other hand, to calculate a shortest path 
between two nodes of a graph is a problem that can be solved in polynomial time. 

By considering a worst-case scenario where all the active components are in conducting state, a 
worst-case resistance in parallel to the CUT can be calculated. In the cases where that resistance 
is lower than a given threshold (e.g. 100 Ω) the test is considered as potentially not feasible since 
there could be a low impedance path in parallel to the CUT. Whenever the equivalent resistance 
in parallel to the CUT is above the threshold value, the test is considered feasible. With this 
equivalent resistance value, it is possible to construct a worst-case equivalent circuit containing 
just the CUT and its associated parallel resistor. Afterwards the equivalent circuit can be 
simulated to obtain a worst-case result that can be used as a reference for the real test. As 
opposed to the ICT of passive components, where an accurate value of a device must be expected, 
for active components what matters is whether they are in on or off state. Hence, it is possible to 
perform a test even when an unknown resistance higher than a given value is in parallel to the 
CUT. 

The proposed algorithm to calculate the worst-case parallel resistive path works on the graph of 
currents (directed graph). This graph must be initialised by giving weights to its edges. The 
weight of each edge is the value of the resistance of the component it represents. For resistors, 
the weight is the resistor value, whereas for active components, the weight is some ε ≈ 0. 
Afterwards, a shortest path algorithm (e.g. Dijkstra’s [26, 27, 28]) can be used to obtain the lowest 
resistance in parallel to the CUT. 

 Graph splitting algorithms 

In graph theory there exist many algorithms to split a graph in subgraphs according to different 
criteria. Depending on the followed criterion the problem can run in polynomial time, can be NP-
hard or NP-complete, etc. Given that the graphs representing PCBAs can have thousands of edges 
and nodes, it is desirable to use algorithms that run in polynomial time. Otherwise some 
heuristics would be required to limit the computation time. In addition, the electrical 
characteristics of the circuit that the graph represents must be considered as well, since some 
reductions that are feasible in theory, might not be feasible in practice. 
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8.4.1 Biconnected components algorithm 

One of the main algorithms proposed in [1, 13, 14] is the biconnected components algorithm, used 
to split a graph in a number of biconnected components. Given an undirected graph with three or 
more vertices, a biconnected component is a subgraph such that, when one vertex is removed 
(together with all its adjacent edges), all the remaining vertices in the subgraph can still be 
reached from each other. In addition, a biconnected component can also be a pair of vertices 
connected by a single edge. Hence, biconnected components have redundancy properties 
relevant for many fields of knowledge. Another concept closely related to biconnected 
components are articulation points. Articulation points are vertices in a graph such that, if 
removed, the graph becomes disconnected. At the same time, articulation points are vertices in 
the graph shared by two or more biconnected components, and consequently, the problems of 
finding articulation points and biconnected components are correlated. These problems can be 
solved by algorithms based on depth first search (DFS) that run in linear time [27]. 
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Figure 8-7. A circuit (left) and its equivalent undirected graph split in biconnected components (right). 
Biconnected component 1 (blue), biconnected component 2 (green), articulation point (red net n2). 

In electrical circuits, a return path is always required for the current to flow back to the power 
source. In the cases where an articulation point is found, there is not such a path between the 
biconnected components associated to that articulation node. Consequently, biconnected 
components in a circuit are electrically independent. However, it must be taken into account that 
regular circuits do not usually have more than one biconnected component, since that would 
mean that the circuit is not one but several independent ones. In the project of automatic 
generation of ICTs for passive components, many biconnected components are created after 
removing the active components in the circuit. This situation is not reflected in the automatic 
generation of ICTs for discrete active components for obvious reasons. As a result, the 
biconnected components algorithm must be combined with other reduction and splitting 
techniques before being used. In Figure 8-7 a circuit and its equivalent graph split in biconnected 
components are shown. 

8.4.2 Strongly connected components algorithm 

Another algorithm that can be used to split a graph is the strongly connected components 
algorithm. This algorithm works on directed graphs and, in some cases, is more restrictive than 
the biconnected components algorithm. A strongly connected component in a directed graph is a 
subgraph where all vertices can be reached in a finite number of steps from any other vertex in 
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the subgraph. To calculate the strongly connected components of a graph, there are several 
algorithms that run in linear time. Some of them are also based in depth first search (DFS) [28]. 
As in the case of biconnected components, practical circuits cannot usually be split in many 
strongly connected components. Hence, this algorithm must also be combined with 
complementary reduction techniques. Figure 8-8 presents a circuit and its equivalent directed 
graph split in strongly connected components. 
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Figure 8-8. A circuit (left) and its equivalent directed graph split in strongly connected components (right). 
Strongly connected component 1 (blue), strongly connected component 2 (green). 

 Performance of optimizations 

All the general optimizations proposed on Section 8.2 were tested and showed benefits to reduce 
the execution time of the generator. These optimizations also proved to be consistent with the 
results in real tests. Therefore, all the techniques were used during the initialization of the graphs. 
After this first step, the graphs do not have edges representing capacitors, coils, zero Ohm 
resistors nor floating resistors. In fact, the components represented in the graph are only of four 
types: resistors, diodes, bipolar transistors and field effect transistors. In addition, all the series 
and parallel resistors are collapsed into their equivalent component. 

Among all the specific optimization techniques and reduction algorithms presented in 
Sections 8.3 and 8.4 respectively, only the worst-case parallel resistive path optimization 
provided a scalable improvement. The rest of the proposed approaches did not show good results 
for different reasons. The biconnected and strongly connected components algorithms showed 
that, often, most of the vertices and edges in the graph fell in the same components. As a result, 
the reduction of the graph was minimal. The elimination of diodes adjacent to sources showed 
better results, reducing the simulation time by half in big circuits. However, the reduction in time 
was still not sufficient. On the other hand, the worst-case parallel resistive path algorithm showed 
execution times up to ten times lower in big circuits and enabled the possibility to completely 
eliminate the SPICE simulator from the generation process.  
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9The test generator 

Using the generic test generator architecture proposed in Section 7.1 as a reference, and the graph 
algorithm in Chapter 8 the development of a graph-based test generator can start. The translation 
of circuits into graphs and the generic reduction techniques are framed withing the “input file 
handler” routines. The specific optimizations and the test feasibility evaluation, on the other 
hand, should be associated to the generation algorithms. 

 Graph selection 

The graph of currents has proven to be more convenient than the graph of voltages in circuits 
containing diodes and transistors, since it provides implicit information about the paths that 
allow current to go from a net A to a net B. Consequently, all the proposed algorithms for the final 
implementation of the test generator for discrete active components are based on the directed 
graph of currents. 

 Test feasibility evaluation  

To study the feasibility of a test for a discrete active component, the first step is to choose the 
conditions to achieve the “on” or “off” state of the component. This is done by using the test 
circuits proposed in Section 6.4. Afterwards, it must be checked if those “on/off” states are indeed 
achieved when the component is surrounded by other devices. To do so, a SPICE simulation or a 
parallel path analysis must be performed. As mentioned before, the SPICE simulation approach 
is too expensive in terms of time, so the alternative solution was used. 

The reader must note that active components create low impedance paths for current when they 
are activated. This makes other paths with a higher resistance irrelevant for the current flow. On 
the other hand, when an active component is off, it shows high resistance, and then, the current 
takes other paths with lower resistance. Consequently, the environmental situations that might 
harm the results of a test are those in which low impedance paths are present in parallel to the 
CUT. In these cases, the status of conductivity of a component might be hidden by other active 
components in parallel to it. Even though those situations are not easy to prevent (it is not 
possible to eliminate parallel components from the circuit), they can be detected to calculate their 
impact on the test results. To do so, the “lowest-parallel-resistance” algorithm was designed. 

9.2.1 Lowest parallel resistance algorithm 

This algorithm takes a directed graph G representing the current flow paths of a circuit 
(Section 8.1) and a couple of vertices (s, t) belonging to the graph. The vertex s is the source vertex 
(presumably where the positive terminal of a test source is connected), and the vertex t is the 
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target vertex (that will often coincide with the test ground). Then, Dijkstra’s shortest path 
algorithm for weighted graphs is used to obtain the lowest impedance path from s to t [26]. This 
algorithm uses a function “weight-calculation-res” to obtain the weight of each edge. For 
resistors, it returns the resistor value, whereas for active components it returns ε ≈ 0. The output 
of Dijkstra’s algorithm can depict three situations: 

1. The shortest path is empty: it means that there is no path from s to t. 
2. The shortest path is not empty, but contains no resistors: it means that there is a low 

impedance path from s to t. 
3. The shortest path is not empty and contains resistors: it means that there are paths from 

s to t, but all of them contain resistors. 

In the first two situations the “lowest-parallel-resistance” algorithm terminates immediately, 
returning infinite and zero as the impedance from s to t respectively. In the third case, some more 
iterations must be performed to ensure that all the possible parallel resistances as considered. 
To do so, the algorithm sets the new lowest resistance value as the parallel of the previous lowest 
resistance value and the biggest resistor in the last iteration of Dijkstra’s algorithm. Then, that 
resistor is excluded from the analysis by removing it from the graph, and the process is repeated 
until no parallel paths from s to t are found. In the end, a worst-case lowest parallel resistance is 
returned. To show that this algorithm represents a worst-case scenario, the following proof has 
been elaborated: 

Lemma 9.1. The equivalent resistance of two resistors in parallel is always equal or smaller than 
the individual resistance of any of them. 

Proof. It is trivial to see that the equalities on the right-hand side only hold for 𝑅1, 𝑅2  <  0, which 
is not possible since conventional resistors cannot have negative values.   
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Lemma 9.2. Given a directed graph 𝐺(𝑉, 𝐸) and a function 𝑓: 𝐸 →  ℝ+ , where 𝑒𝑖,𝑗  𝜖 𝐸(𝐺) is a 

directed edge from 𝑣𝑖  𝑡𝑜 𝑣𝑗 ∶  𝑣𝑖 , 𝑣𝑗  ∈ 𝑉(𝐺) , a path 𝑝  from 𝑣𝑥0 𝑡𝑜 𝑣𝑥𝑛  is defined as  

𝑝𝑥0,𝑥𝑛 = {𝑒𝑥0,𝑥1 , 𝑒𝑥1,𝑥2 , … , 𝑒𝑥(𝑛−2),𝑥(𝑛−1), 𝑒𝑥(𝑛−2),𝑥𝑛} , and the weight of that path is  

𝑤(𝑝) =  ∑ 𝑓(𝑒𝑥𝑖,𝑥(𝑖+1))𝑛−1
𝑖=0 . Then, the weight of each edge 𝑓(𝑒𝑖,𝑗) ∶  𝑒𝑖,𝑗 ∈ 𝑝 , is always equal or 

lower than 𝑤(𝑝). 

Proof. If a sum of weights ∑ 𝑤𝑖
𝑛
𝑖=0  is lower than any of the individual 𝑤𝑖  it means that there is at 

least one 𝑤𝑖 ≤ 0. This contradicts the fact that 𝑓 only produces weights 𝑤 ≥ 0. 
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Definition_9.1. Two simple paths 𝑝𝑠,𝑡  and 𝑞𝑠,𝑡  from 𝑣𝑠 𝑡𝑜 𝑣𝑡 

are hyper-parallel if ∃𝑒 [𝑒 ∈ 𝑝 ⇒ 𝑒 ∉ 𝑞]. Note the difference 
from the definition of parallel path:  
∀𝑒 [𝑒 ∈ 𝑝 ⇒ 𝑒 ∉ 𝑞]. 

In the graph on Figure 9-1 the set of parallel paths from 
𝑣𝑠 𝑡𝑜 𝑣𝑡 is composed by: 

𝑝𝑠,𝑡 = {𝑒1 , 𝑒5}   𝑎𝑛𝑑  𝑞𝑠,𝑡 = {𝑒2 , 𝑒4} 

 

Whereas the set of hyper-parallel paths is: 

𝑝𝑠,𝑡 = {𝑒1 , 𝑒5}  , _ 𝑞𝑠,𝑡 = {𝑒2 , 𝑒4}  𝑎𝑛𝑑  𝑟𝑠,𝑡 = {𝑒1, 𝑒3, 𝑒4} 
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Figure 9-1. Graph with parallel and 
hyper-parallel paths. 

 

Lemma 9.3. In a directed graph 𝐺(𝑉, 𝐸), let ℙ be the set of simple paths to go from 𝑣𝑠 𝑡𝑜 𝑣𝑡, with  
𝑣𝑠, 𝑣𝑡 ∈ 𝑉(𝐺). By removing an edge 𝑒𝑖,𝑗  𝜖 𝐸(𝐺), 𝑣𝑡 is not reachable anymore from 𝑣𝑠, following any 

path 𝑝: [𝑝 ∈ ℙ ∶ 𝑝 ∋ 𝑒𝑖,𝑗] . However, all the hyper-parallel paths 𝑞: [𝑞 ∈ ℙ ∶ 𝑞 ∌ 𝑒𝑖,𝑗]  remain as 

feasible routes from 𝑣𝑠 𝑡𝑜 𝑣𝑡 . 

Proof. Let 𝑝𝑠,𝑡  and 𝑞𝑠,𝑡  be two hyper-parallel paths from 𝑣𝑠 𝑡𝑜 𝑣𝑡  in a directed graph 𝐺(𝑉, 𝐸) . 

Assume that an edge 𝑒𝑖,𝑗 ∈ 𝑝𝑠,𝑡 is removed from 𝐺. In this case, there exist two possible situations: 

1. 𝑞𝑠,𝑡 ∋ 𝑒𝑖,𝑗 : in this case 𝑞𝑠,𝑡  becomes an infeasible path from 𝑣𝑠 𝑡𝑜 𝑣𝑡  as one of its edges 

( 𝑒𝑖,𝑗 ) was removed, e.g., in Figure 9-1 the removal of 𝑒4  eliminates the paths 

{𝑒2 , 𝑒4}  and  {𝑒1, 𝑒3, 𝑒4}. 
2. 𝑞𝑠,𝑡 ∌ 𝑒𝑖,𝑗: in this case 𝑞𝑠,𝑡 remains as a feasible path from 𝑣𝑠 𝑡𝑜 𝑣𝑡 since none of the edges 

that it shares with 𝑝𝑠,𝑡 has been removed, e.g., in Figure 9-1 the removal of 𝑒4 does not 

affect the path {𝑒1 , 𝑒5}. 

From Lemma 9.1, it can be concluded that the calculation of a single shortest path from two nets 
in a circuit does not necessarily provide the lowest equivalent impedance between those nets, 
unless the value of the shortest path is zero. Lemma 9.2 shows that the resistance of a single edge 
is lower or equal than the resistance of any of the paths containing that edge. Hence, in a worst-
case scenario, the resistance of all those paths can be substituted by the resistance of the single 
edge. Finally,  

Lemma 9.3 proves that the elimination of a single resistor from a circuit does not remove any 
hyper-parallel paths that could make the equivalent resistance lower by Lemma 9.1. The 
pseudocode of the “lowest-parallel-resistance” function is shown in Algorithm 9.5. 

To assess the feasibility of a test using the previous algorithm, the lowest parallel resistance can 
be compared to a threshold established according to criteria based on the characteristics of the 
test hardware. For example, if a diode is tested with a current of 1 mA, and the expected forward 
voltage is 0.7 V, the test would fail for parallel-path resistances lower than 1 kΩ approximately. 
In tests with current sources the threshold value 𝑅𝑡ℎ can be set using Equation (9.1), where 𝑉𝑥𝑝𝑡 

is the expected measured voltage and 𝑖𝑡𝑠𝑡  is the current used for the test. A way to lower the 
threshold is to increase 𝑖𝑡𝑠𝑡, as long as there is no risk of damaging the board. Equation (9.2) can 
be used for the same purpose when voltage sources are used, and the measured property is 
current. 
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Algorithm 9.1. Lowest parallel resistance algorithm. 

1  function LowestParallelResistance (G, s, t) 
 2 Input: G: directed graph of the circuit; s: source vertex ∊ G; t: target vertex ∊ G 
 3 Output: minResistance: minimum resistance from s to t 
 4 minResistance ← inf 
 5 shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationRes) 
 6 if shortestPath.Empty 
 7  return minResistance 
 8 end 
 9 resistorEdge ← shortestPath.Edges.OfType(resistor) 
 10 if resistorEdge == null 
 11  minResistance ← 0.0 
 12  return minResistance 
 13 end 
 14 while resistorEdge != null do 
 15  minResistance ← GetParallelResistance(minResistance, resistorEdge.Value) 
 16  G.RemoveEdge(resistorEdge) 
 17  shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationRes) 
 18  resistorEdge ← shortestPath.Edges.OfType(resistor)    
 19 end 
 20 return minResistance 
21  end 
22 
23  function WeightCalculationRes (edge) 
 24 Input: edge: an edge from the graph G 
 25 Output: weight: double precision number representing the weight of the edge 
 26 if edge.Type == resistor then 
 27  weight ← edge.Value 
 28 end 
 29 else 
 30  weight ← 0.0000001 
 31 end 
 32 return weight 
33  end 
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The previous algorithm showed satisfactory results detecting infeasible tests due to low 
impedance paths in parallel to the CUTs. However, it also proved to represent a worst-case 
scenario too pessimistic. The reason for this is that the algorithm does not establish a limit for the 
number of active devices present on each low impedance path. As explained in Section 6.5, active 
devices require voltages or currents above a certain threshold to start conducting. This 
characteristic can be used to discard paths with a high number of active components. To 
implement this functionality, the “lowest-parallel-resistance” algorithm must be extended with 
the so called “lowest-voltage-drop” algorithm. 

9.2.2 Lowest voltage drop algorithm 

In the previous algorithm, when a shortest path composed exclusively by active components is 
found, the returned resistance value is zero and the test is set as infeasible. In order to cover a 
higher number of cases, it is required to analyse the length of those zero resistance paths. 
Whenever the path is composed by a number of active components higher than a threshold, the 
path should be discarded, and a worst-case parallel resistance from s to t should be calculated. 
This is done by Algorithm 9.2. 

 

 

Algorithm 9.2. Lowest voltage drop algorithm. 

1  function LowestVoltageDropPath (G, s, t) 
 2 Input: G: directed graph of the circuit; s: source vertex ∊ G; t: target vertex ∊ G 
 3 Output: minResistance: minimum resistance from s to t 
 4 minResistance ← inf 
 5 shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationVD) 
 6 resistorEdge ← shortestPath.Edges.OfType(resistor) 
 7 while resistorEdge != null do 
 8  minResistance ← GetParallelResistance(minResistance, resistorEdge.Value) 
 9  G.RemoveEdge(resistorEdge) 
 10  shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationVD) 
 11  resistorEdge ← shortestPath.Edges.OfType(resistor) 
 12 end 
 13 return minResistance 
14  end 
15 
16  function WeightCalculationVD (edge) 
 17 Input: edge: an edge from the graph G 
 18 Output: A double precision number with the voltage drop of the edge 
 19 if edge.GetType == resistor then 
 20  return 0.0 
 21 end 
 22 else 
 23  return 0.7 
 24 end 
25  end 
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The main difference between this algorithm and the previous one lies on the 
“weight-calculation-vd” function, that returns the voltage drop across an edge instead of the edge 
resistance. The voltage drop for active components (especially diodes and bipolar transistors) is 
given in the datasheet of the component. It can vary among devices but, in general, takes values 
in the order of hundreds of millivolts. In Algorithm 9.2 it is considered to be 0.7 V. The voltage 
drop across a resistor is unknown, as it depends on the current flowing through it. Therefore, it 
is set to 0 V. 

The algorithm itself works similarly to the “lowest-parallel-resistance” one. In this case, however, 
the paths containing resistors are now the shortest ones due to the new weight assignation. In 
that way, it is possible to obtain the equivalent parallel resistance by eliminating each discovered 
resistor edge and recalculating the shortest path from s to t until no resistors are found. It must 
be noted that, at this point, the paths containing only active components are not relevant 
anymore, as it was already ensured by the “lowest-parallel-resistance” algorithm that all of them 
had a number of edges above the established limit. 

To calculate the maximum number of active components allowed in a path, two factors must be 
considered. On one hand, the average voltage drop of active components on the board. On the 
other, the maximum voltage that the test sources can supply. Knowing those two conditions, the 
maximum number of active components per path 𝑁𝑎𝑐 𝑚𝑎𝑥  can be obtained using Equation (9.3), 
where 𝑉𝑠𝑟𝑐 𝑚𝑎𝑥  is the maximum voltage supplied by the test sources and 𝑉𝑎𝑐 𝑡ℎ  is the average 
voltage threshold of the active components on the board under test. 

 𝑁𝑎𝑐 𝑚𝑎𝑥 >
𝑉𝑠𝑟𝑐 𝑚𝑎𝑥

𝑉𝑎𝑐 𝑡ℎ
 (9.3) 

After testing the two previous algorithms working together, it was noted that some tests were 
being discarded due to paths containing transistors. The reader must remember that, in the initial 
worst-case set up, all active components are considered to be in conducting state without a 
further analysis. To improve this behaviour one last algorithm called “transistor-state-analysis” 
was implemented. 

9.2.3 Transistor state analysis algorithm 

The main purpose of this algorithm is to detect low impedance paths from the test sources to 
transistors on the board different from the CUT. If a low impedance path from a test source to the 
driving terminal (base or gate) of a transistor is found, that transistor could possibly conduct 
current. On the other hand, if no path is found, the path is too long, or if the discovered path has 
a relatively high resistance, the transistor should be considered off and removed from the graph. 
The implementation of the transistor state calculation function is presented in Algorithm 9.3. 

The first task done by the previous algorithm is to identify the type of transistor to be analysed. 
This determines the pins that are susceptible of being excited by a test source. For example, what 
determines the status of a MOSFET-N transistor is the voltage between its gate and source 
terminals, whereas for a MOSFET-P it is the voltage between its drain and its gate. Afterwards, 
Dijkstra’s shortest path algorithm can run to search for the lowest impedance between the source 
terminals and the transistor pins. Finally, the status of the transistor is determined according to 
the following criteria: 

• If any of the calculated paths are empty (there is no connection between the test source 
and the transistor), the transistor status is inactive (the function returns false). 
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• If the path found is too long (e.g. more than 5 edges must be crossed), the transistor status 
is inactive (the function returns false). 

• If the minimum resistance path (ignoring parallel paths) is too high (e.g. more than 5 kΩ), 
the transistor status is inactive (the function returns false). 

• If none of the above statements holds, the status of the transistor is considered active (the 
function returns true). 

The maximum allowed path length and the maximum path resistance values in this algorithm can 
be chosen using Equations (9.1), (9.2), and (9.3). Once a transistor is assumed to be inactive, it 
can be removed from the graph before continuing the execution of the “lowest-parallel-
resistance” algorithm or the “lowest-voltage-drop” algorithm. 
 

Algorithm 9.3. Transistor state analysis algorithm. 

1  function TransistorStateAnalysis (G, s, t, transistor) 
 2 Input:  G: directed graph of the circuit; s: source vertex ∊ G;  
 3  t: target vertex ∊ G; transistor: the transistor to be analysed 
 4 Output: tStatus: Boolean representing the status of transistor 
 5    True if transistor is on/ False if transistor is off 
 6 tStatus ← true 
 7 maxPathLength ← 6 
 8 maxResistance ← 5000.0 
 9 if transistor.GetType == BipolarPNP 
 10  middleNet1 ← transistor.Pins.Emitter 
 11  middleNet2 ← transistor.Pins.Base 
 12 end 
 13 else if transistor.GetType == BipolarNPN 
 14  middleNet1 ← transistor.Pins.Base 
 15  middleNet2 ← transistor.Pins.Emitter 
 16 end 
 17 else if transistor.GetType == MOSFET-P 
 18  middleNet1 ← transistor.Pins.Drain 
 19  middleNet2 ← transistor.Pins.Gate 
 20 end 
 21 else if transistor.GetType == MOSFET-N 
 22  middleNet1 ← transistor.Pins.Gate 
 23  middleNet2 ← transistor.Pins.Source 
 24 end 
 25 shortestPath1 ← ShortestPathDijkstra(s, middleNet1, G, WeightCalculationRes) 
 26 shortestPath2 ← ShortestPathDijkstra(middleNet2, t, G, WeightCalculationRes) 
 27 fullShortestPath ← shortestPath1.Concatenate(shortestPath2) 
 28 resistorEdge ← shortestPath.Edges.OfType(resistor) 
 29 if shortestPath1.Empty || shortestPath2.Empty ||   
30     resistorEdge.Value >= maxResistance ||  
31     fullShortestPath.Length >= maxPathLength 
 32  tStatus ← false 
 33  return tStatus 
 34 end 
 35 return tStatus 
36  end 
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9.2.4 Combined algorithm 

Combining the previous three algorithms, it was possible to create a less pessimistic worst-case 
scenario for the detection of low impedance paths in parallel to the components under test. The 
pseudocode of the implemented routines is shown in Algorithm 9.4. 

 

 

 

Algorithm 9.4. Optimised parallel resistance algorithm. 

1   function OptimisedParallelResistance (G, s, t) 
 2 Input: G: directed graph of the circuit; s: source vertex ∊ G; t: target vertex ∊ G 
 3 Output: minResistance: minimum resistance from s to t 
 4 minResistance ← inf 
 5 shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationRes) 
 6 if shortestPath.Empty 
 7  return minResistance 
 8 end 
 9 transistorEdge ← shortestPath.Edges.OfType(transistor) 
 10 while transistorEdge != null && !TransistorStateAnalysis(G, s, t, transistorEdge) do 
 11  G.RemoveEdge(transistorEdge) 
 12  shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationRes) 
 13  transistorEdge ← shortestPath.Edges.OfType(transistor)    
 14 end 
 15 resistorEdge ← shortestPath.Edges.OfType(resistor) 
 16 if resistorEdge != null 
 17  while resistorEdge != null do 
 18   minResistance ← GetParallelResistance(minResistance, 
19                                                                                       resistorEdge.Value) 
20    G.RemoveEdge(resistorEdge) 
 21   shortestPath ← ShortestPathDijkstra(s, t, G, WeightCalculationRes) 
 22   resistorEdge ← shortestPath.Edges.OfType(resistor)    
 23  end 
 24  return minResistance 
 25 end 
26 
 27 if shortestPath.Length <= maxJunctions 
 28  minResistance ← 0.0 
 29 else 
 30  minResistance ← LowestVoltageDropPath(G, s, t) 
 31 end 
 32 return minResistance 
33  end 
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9.2.5 Test feasibility algorithm 

The previous algorithms allow us to calculate the minimum resistance path between two nets of 
a circuit. However, they still do not provide a feasibility evaluation of a given test. For that, it is 
required to identify the type of component to be tested, and the nets to which it is connected. 
Then, the “optimised-parallel-resistance” algorithm can be executed several times depending on 
the distribution of sources required to perform a test. 

In the case of diodes, a single current source is used during the test. However, the source must be 
placed in two different orientations to cover both the forward and reverse operating points. 
Therefore, two calls of the “optimised-parallel-resistance” function must be performed, as shown 
in Table 9-1. After executing the code, four different results are possible: 

1. High resistance in both directions: it is possible to perform the complete test. It should 
fully cover Presence, Liveliness, Orientation, Shorts and Opens. 

2. High resistance in forward/Low resistance in reverse: the test would only cover 
Presence, Orientation and Opens. 

3. Low resistance in forward/High resistance in reverse: the test would only cover 
Orientation and Shorts. 

4. Low resistance in both directions: no coverage is provided by the test. 

 
Table 9-1. Optimised-parallel-resistance calls for a diode test. 

Component: Diode 

Forward bias test Reverse bias test 

V
K

A

 

V
K

A

 
OptimisedParallelResistance(G, A, K) OptimisedParallelResistance(G, K, A) 

 

The case of transistors is slightly more complicated than the diodes one. This is because 
transistors tests require two sources instead of one. For PNP transistors a voltage source from 
emitter to collector is required, while a current source is driving the gate (only for the “on” test). 
Hence, the resistance from emitter to collector must be calculated. To obtain the resistances from 
collector to base and from emitter to base is not mandatory, but it can help to select test values 
for the sources. The list of calls to the parallel-resistance algorithm per circuit configuration is 
shown in Table 9-2. After executing the functions, two situations may occur: 

1. High E-C resistance: it is possible to perform the complete test. It should fully cover 
Presence, Liveliness, Orientation, Shorts and Opens. 

2. Low E-C resistance: the transistor can be driven, but the voltage source is shorted. No 
coverage is provided by the test. 
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Table 9-2. Optimised-parallel-resistance calls for a PNP transistor test. 

Component: PNP transistor 

On test Off test 

A

E

C

B

 

A

E

C

B

 
OptimisedParallelResistance(G, E, C) 
OptimisedParallelResistance(G, C, B) optional 
OptimisedParallelResistance(G, E, B) optional 

OptimisedParallelResistance(G, E, C) 

 
Table 9-3. Optimised-parallel-resistance calls for an NPN transistor test. 

Component: NPN transistor 

On test Off test 

A

C

E

B

 

A

C

E

B

 
OptimisedParallelResistance(G, C, E) 
OptimisedParallelResistance(G, B, E) 
OptimisedParallelResistance(G, B, C) optional 

OptimisedParallelResistance(G, C, E) 

 

To test NPN bipolar transistors two sources are also required. The voltage source is placed from 
collector to emitter, and the current source from emitter to base (for the “on” test). Consequently, 
two calls of the resistance calculation function are required (Table 9-3). To obtain the resistance 
from base to collector might be interesting in some cases, but it is not fully required. Then, the 
possible combinations of results are the following: 

1. High C-E resistance/High B-E resistance: it is possible to perform the complete test. It 
should fully cover Presence, Liveliness, Orientation, Shorts and Opens. 

2. High C-E resistance/Low B-E resistance: the transistor cannot be driven, and the test 
would only cover Shorts. 

3. Low C-E resistance/High B-E resistance: the transistor can be driven, but the voltage 
source is shorted. No coverage is provided by the test. 

4. Low C-E resistance/Low B-E resistance: the transistor cannot be driven, and the voltage 
source is shorted. No coverage is provided by the test. 



 
 

Automatic Generation of In-Circuit Tests for Discrete Active Components 61 

P-Channel Field Effect Transistors are tested with two voltage sources, one from source to drain 
and another one from drain to gate (Table 9-4). Hence, the minimum resistance from source to 
drain must be calculated. The obtention of the resistance from drain to gate is not mandatory but 
might be useful for the selection of test magnitudes. Having the results of those resistances, the 
following scenarios can be found: 

1. High S-D resistance: it is possible to perform the complete test. It should fully cover 
Presence, Liveliness, Orientation, Shorts and Opens. 

2. Low S-D resistance: the transistor can be switched between “on” and “off” states, but the 
voltage source from source to drain is shorted. No coverage is provided by the test. 

Table 9-4. Optimised-parallel-resistance calls for a P-channel FET test. 

Component: P-Channel MOSFET 

On test Off test 

A

S

D

G

 

A

S

D

G

 
OptimisedParallelResistance(Gr, S, D) 
OptimisedParallelResistance(Gr, D, G) opt. 

OptimisedParallelResistance(Gr, S, D) 

 

Table 9-5. Optimised-Parallel-Resistance calls for a N-channel FET test. 

Component: N-Channel MOSFET 

On test Off test 

A

D

S

G

 

A

D

S

G

 
OptimisedParallelResistance(Gr, D, S) 
OptimisedParallelResistance(Gr, G, S) 

OptimisedParallelResistance(Gr, D, S) 

 

To conclude, N-channel FETs also require two voltage sources to be tested. In this case, however, 
one is connected from drain to source, while the other one drives the gate. As a result, the 
resistances in parallel to these sources must be calculated by calling the “optimised-parallel-
resistance” function as Table 9-5  shows. Afterwards, the following situations might occur: 



62  Automatic Generation of In-Circuit Tests for Discrete Active Components 

1. High D-S resistance/High G-S resistance: it is possible to perform the complete test. It 
should fully cover Presence, Liveliness, Orientation, Shorts and Opens. 

2. High D-S resistance/Low G-S resistance: the transistor cannot be guaranteed to go to 
“on” state. Hence, the test would only cover Shorts. 

3. Low D-S resistance/High G-S resistance: the transistor can be switched between “on” 
and “off” states, but the voltage source from drain to source is shorted. No coverage is 
provided by the test. 

4. Low D-S resistance/Low G-S resistance: the transistor cannot be driven, and the voltage 
source from drain to source is shorted. No coverage is provided by the test. 

 

Having a clear idea of the required resistance calculations for each type of test, the test feasibility 
algorithm could be designed. This algorithm must receive a directed graph as an input, and it 
should output the test information (feasibility and coverage) for each active component in the 
circuit represented by that graph. Algorithm 9.5 shows the pseudocode of the complete test 
generator algorithm for discrete active components. 

 

 

Algorithm 9.5. Test generator algorithm for active components. 

1  process TestGeneratorActive (Gd) 
 2 Input:  Gd: directed graph of the circuit 
 3 minResistance ← 250.0 
 4 for each component.OfType(active) in G.Edges 
 5  componentType ← component. 
 6  Print(component.Name) 
 7  switch (componentType) 
 8   case: Diode 
 9    A ← component.Pins.Anode 
 10    K ← component.Pins.Cathode  
 11    resAK ← OptimisedParallelResistance(Gd, A, K) 
 12    resKA ← OptimisedParallelResistance(Gd, K, A) 
 13    if resAK >= minResistance && resKA >= minResistance 
 14     Print(“Test is feasible”) 
 15     Print(“POL/SO Coverage…”) 
 16    else if resAK >= minResistance && resKA < minResistance 
 17     Print(“Test is partially feasible”) 
 18     Print(“PO/O Coverage…”) 
 19    else if resAK < minResistance && resKA >= minResistance 
 20     Print(“Test is partially feasible”) 
 21     Print(“O/S Coverage…”) 
 22    else 
 23     Print(“Test is infeasible”) 
 24    end 
 25   end 
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Algorithm 9.5. Test generator algorithm for active components (cont.). 

 26   case: BipolarPNP 
 27    E ← component.Pins.Emitter 
 28    C ← component.Pins.Collector  
 29    resEC ← OptimisedParallelResistance(Gd, E, C) 
 30    if resEC >= minResistance 
 31     Print(“Test is feasible”) 
 32     Print(“POL/SO Coverage…”) 
 33    else 
 34     Print(“Test is infeasible”) 
 35    end 
 36   end 
 37   case: BipolarNPN 
 38    E ← component.Pins.Emitter 
 39    C ← component.Pins.Collector 
 40    B ← component.Pins.Base  
 41    resCE ← OptimisedParallelResistance(Gd, C, E) 
 42    resBE ← OptimisedParallelResistance(Gd, B, E) 
 43    if resCE >= minResistance && resBE >= minResistance 
 44     Print(“Test is feasible”) 
 45     Print(“POL/SO Coverage…”) 
 46    else if resCE >= minResistance && resBE < minResistance 
 47     Print(“Test is partially feasible”) 
 48     Print(“S Coverage…”) 
 49    else 
 50     Print(“Test is infeasible”) 
 51    end 
 52   end  
 53   case: MOSFET-P 
 54    S ← component.Pins.Source 
 55    D ← component.Pins.Drain 
 56    G ← component.Pins.Gate  
 57    resSD ← OptimisedParallelResistance(Gd, S, D) 
 58    if resSD >= minResistance 
 59     Print(“Test is feasible”) 
 60     Print(“POL/SO Coverage…”) 
 61    else 
 62     Print(“Test is infeasible”) 
 63    end 
 64   end  
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Algorithm 9.5. Test generator algorithm for active components (cont.). 

 65   case: MOSFET-N 
 66    S ← component.Pins.Source 
 67    D ← component.Pins.Drain 
 68    G ← component.Pins.Gate  
 69    resDS ← OptimisedParallelResistance(Gd, D, S) 
 70    resGS ← OptimisedParallelResistance(Gd, G, S) 
 71    if resDS >= minResistance && resGS >= minResistance 
 72     Print(“Test is feasible”) 
 73     Print(“POL/SO Coverage…”) 
 74    else if resDS >= minResistance && resGS < minResistance 
 75     Print(“Test is partially feasible”) 
 76     Print(“S Coverage…”) 
 77    else 
 78     Print(“Test is infeasible”) 
 79    end 
 80   end 
81  end 
 82 end 
83  end 

9.2.6 Algorithm complexity 

As explained in [29], in a directed graph 𝐺(𝑉, 𝐸), Dijkstra’s shortest path algorithm has a time 
complexity of 𝑂(|𝐸| log|𝑉|)  when its priority queue is implemented with a binary heap. The 
“lowest-parallel-resistance” algorithm introduced in Section 9.2.1 executes Dijkstra’s algorithm 
one time for each parallel path between source and target that contains a resistor. In a worst-case 
where all the edges of the graph are resistors in parallel from source to target, the algorithm 

would run in  𝑂(|𝐸|2 log|𝑉|). This also applies to the “lowest-voltage-drop” algorithm introduced 
in Section 9.2.2, as it is essentially the same algorithm with a different weight assignation. 

The “transistor-state-analysis” algorithm runs Dijkstra’s algorithm a couple of times per 
transistor. Hence, its time complexity is also 𝑂(|𝐸| log|𝑉|). When combined with the two previous 
algorithms, the “transistor-state-analysis” is called every time a parallel path with a transistor is 
found, until an active transistor is detected. Therefore, in a graph where all the edges are inactive 

transistors in parallel (from source to target), the algorithm would have 𝑂(|𝐸|2 log|𝑉|)  time 
complexity. Since all the transistors are in “off” state in that worst-case scenario, no path would 
exist between source and target. Consequently the “lowest-parallel-resistance” and the “lowest-
voltage-drop” would not be executed, keeping the time complexity of the combined algorithm as 

𝑂(|𝐸|2 log|𝑉|).  

The complete test generation algorithm would run the previous algorithms two to three times 
per active component. In the previous worst-case, with all edges being transistors, all the 
components in the circuit would have to be simulated. As a result, the full complexity of the test 

generator would be 𝑂(|𝐸|3 log|𝑉|) . Of course, these scenarios do not occur in real-life cases, 
where combinations of passive components in series and parallel structures are required. In 
addition, most of the components in real circuits are clamping diodes associated to ICs, which do 
not contribute to increase the time complexity of the test generator (only tested diodes do). 

Therefore, 𝑂(|𝐸|3 log|𝑉|) is a higher bound for the time complexity of an algorithm that runs 
much faster in real scenarios. 
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 Final test generator architecture 

In Chapter 7, a generic architecture for a test generator is described. In this section, the goal is to 
explain how the previous algorithms fit in that generic structure and what the final architecture 
looks like. To recall the structure presented in Chapter 7, the following generic test generator 
parts are listed: 

• Input file handler 

• Generation algorithms 

• Output file printer 

The “input file handler” has the main function of reading the netlist files of the PCBA circuits to 
analyse. For the particular test generator proposed in this project, the “input file handler” also 
performs parsing of the netlist into a graph and the pre-processing of that graph. The graph 
parsing functionality creates a directed graph of the circuit where the nets are represented by 
vertices and the current paths are represented by directed edges. Afterwards, the pre-processing 
step performs all the general optimizations listed in Section 8.2 (capacitors and coils removal, 
series/parallel resistor collapsing, etc.). Finally, the output of these routines should be a 
simplified directed graph. 

The “generation algorithms” segment is, essentially, Algorithm 9.5. It takes the simplified directed 
graph as an input, and outputs the expected coverage for each component and other feedback 
about the feasibility of each test. It must be noted that the SPICE simulation proposed in Chapter 7 
as an initial implementation was completely substituted by Algorithm 9.5.  

The “output file printer” takes the results of the previous algorithm and generates files containing 
all the required information: test files in xml format, human-readable files with the coverage 
results, etc. Figure 9-2 shows the schematic of the proposed architecture. The “input file handler” 
receives a netlist as input and outputs a reduced directed graph. This graph is taken by the 
“generation algorithms”, together with information about the test hardware (source types, 
maximum values, etc.) and engineering information (forward voltages, special components, etc.). 
With that information, the “generation algorithms” calculate which tests are feasible, which tests 
are not, the coverage per component, etc. To conclude, the “output file printer” takes this 
information and formats it into different file types (human-readable, machine-readable, etc.). 
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Figure 9-2. Schematic of the final test generator architecture. 



66  Automatic Generation of In-Circuit Tests for Discrete Active Components 
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10Test generator qualification 

The qualification of the generator has two purposes: 

1. Verify that the generated tests had mapped correctly to the real tests. 
2. Ensure that the test generation was feasible in terms of compute time. 

To analyse the performance of the generator in terms of test mapping, the results delivered by 
the software were compared to real tests executed on hardware. The main goal was to verify that 
no infeasible tests were considered feasible by the generator and that the number of discarded 
feasible tests was minimum. The reader must note that the generation algorithms are based on a 
worst-case scenario and, as a result, it is assumed that some tests might be discarded by the 
generator despite being actually feasible.  

The runtime analysis was carried out by feeding circuits of different sizes to the test generator. 
Afterwards, the executions times of the different parts of the code were compared and correlated 
with the circuit size. Unfortunately, the mapping and timing analysis could not be performed on 
the same circuits due to the limited number of ICT fixtures available at Prodrive Technologies 
and the limitations of the test hardware. The boards and circuits used on the complete 
qualification process are the following ones: 

• ETS-Q UART: qualification circuit for the ETS modules. Its size is small (10-20 
components) and it is used for communication purposes. 

• ETS-Q CS: qualification circuit for the ETS modules. Its size is small (10-20 components) 
and its functionally is power supply. 

• RFID Card: real product that is currently manufactured by Prodrive. Its size is medium-
small (few hundreds of components) and its functionality is wireless communication. 

• AC-WB 1ph: real product that is currently manufactured by Prodrive. Its size is medium 
(several hundreds of components) and its functionality is power transformation for one-
phase AC circuits. 

• AC-WB 3ph: real product that is currently manufactured by Prodrive. Its size is medium 
(several hundreds of components) and its functionality is power transformation for 
three-phase AC circuits. 

• PADC8AX: real product that is currently manufactured by Prodrive. Its size is medium-
big (many hundreds of components) and its functionality is power supply. 

• Q-Drive MK2: real product that is currently manufactured by Prodrive. Its size is big 
(thousands of components) and it is used for communication purposes. 

The exact properties of each circuit used for the qualification of the generator are summarised in 
Table 10-1. 
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Table 10-1. Characteristics of the qualification circuits. 

Circuit Purpose 
Total 

components 
Total active 
components 

Graph 
edges 

Graph 
vertices 

ETS-Q UART Communication 11 3 17 7 

ETS-Q CS Power supply 14 2 24 9 

RFID Card Communication 122 18 256 81 

AC-WB 1ph Power supply 274 43 533 163 

AC-WB 3ph Power supply 295 43 579 174 

PADC8AX Power supply 756 102 968 257 

Q-Drive MK2 Communication 1925 232 5058 1223 

 Test mapping results 

The tests in real hardware were carried out on an AET system equipped with, at least, two  
ETS-ICT modules (see Section 3.2.1). Using these modules, it was possible to test the discrete 
active components on the ETS-Q UART circuit, the ETS-Q CS circuit, the RFID Card board, the AC-
WB 3ph board and PADC8AX board. The circuits used to test each component were the ones 
proposed in Section 6.4, with only one difference: due to hardware limitations, MOSFET 
transistors were tested with a current source on the gate instead of a voltage source. The chosen 
testing magnitudes were the ones presented in Table 10-2. 

Table 10-2. Configuration of tests performed on the AET. 

Component Test duration Test source Test value 

Diodes 300 ms Current source 5 mA 

BJT 
transistors 

10 ms 
Voltage source (emitter/collector) 1 V 

Current source (base) 100 µA 

FET 
transistors 

10 ms 
Voltage source (emitter/collector) 3 V 

Current source (gate)1 1 mA 

 

With regard to the test generator, the algorithms were configured with a minimum resistance 
threshold of 250 Ω according to Equations (9.1) and (9.2). This means that any path containing a 
resistance lower than 250 Ω is considered as a low impedance path. The maximum number of 
PN-junctions allowed in one path was set to five ‒Equation (9.3)‒, which implies that any path 
with five PN-junctions or more is considered a high impedance path. These bounds are hardware-
specific, and they are susceptible of changing if a different test equipment is used. 

Table 10-3 shows the results of all the tests performed on Prodrive’s circuits (the last two rows 
correspond to actual products). In total, 102 discrete active devices were fully or partially 
covered for POL/SQ properties on the qualification experiments. Out of those 102, 77 were fully 

 
1 Due to hardware limitations a voltage source could not be used. A current source was used assuming that 
it would generate enough voltage to drive the transistor (N-channel) or keep it “off” (P-channel). 
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tested. On the other hand, 19 components could not be covered due to environmental factors. 
That is low resistance paths in parallel to the CUT. Finally, 47 components on those boards were 
either inaccessible due to hardware limitations (bad distribution of test probes on the fixture). 

Table 10-3. Results of tests performed on the AET. 

 
The previous results matched the test generator coverage with a 100% success rate. The low 
impedance paths discovered by the generator were manually validated using the circuit 
schematics and proved to be correct in all the cases. In that sense, the test generator provided 
useful feedback to understand the reduced coverage in some situations. For example, on the 
circuit on the left-hand side of Figure 10-1, the generator detected the path through the diode of 
transistor T2003 and the coil L2000B during the test of diode D2007. This justified the reduced 
coverage that was not directly evident from the real test results. In the case of diode D2018 (right-
hand side of Figure 10-1), the test generator detected several parallel paths with a total 
equivalent resistance of 375 Ω, which was also reflected on the real test.  

 

 

Figure 10-1. Parts of the PADC8AX circuit. 

 The weakest point detected during the qualification process is the way the generator handles 
capacitances. As explained in Section 8.2.1, the capacitors on the circuit are ignored by the 
generator, given that all the test currents and voltages are continuous. On the steady state, 
capacitors are charged and act as open circuits. However, if a measurement is made when a 
capacitor is in transient state, the result might not be the expected one. This situation was seen 
during the first tests due to the low currents and short test times. Nevertheless, it was easily 
fixable by increasing those parameters to the values on Table 10-2. 

Circuit 
Total active 
components 

Fully covered 
components 

Partially covered 
components 

Uncovered 
components 

Inaccessible 
components 

ETS-Q UART 3 3 0 0 0 

ETS-Q CS 2 2 0 0 0 

RFID Card 18 11 2 0 5 

AC-WB 3ph 43 14 7 3 19 

PADC8AX 102 47 16 16 23 
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 Runtime results 

After the qualification of the tests mapping, the performance of the test generator in terms of 
execution time was also assessed. In order to study the limits of the test generator, the Q-Drive 
MK2 circuit was added to the qualification set of boards. This is one of the biggest circuits 
manufactured by Prodrive, with many controllers and a high number of discrete active 
components. The Q-Drive was not used in the previous section due to the lack of an ICT-fixture to 
perform real tests in it. The single-phase version of the AC-WB circuit was also added to the 
qualification circuits. For the runtime qualification, the test generator was configured with the 
same parameter as in Section 10.1. Then, the test generation was executed for each circuit on a 
laptop with an Intel i7-9850H 64-bit CPU running at 2.60 GHz and 16 GB of RAM memory. The 
used operative system was Windows 10 x64. 

Table 10-4 summarises the general results from the execution of the test generator on the full set 
of qualification circuits. The presented information includes the execution time of the main 
sections of the test generator: the graph pre-processing, the optimised parallel resistance 
algorithm and the other secondary operations like printing the results into files. The last two 
columns contain the total execution time of each board and the execution time per tested 
component. This data shows that circuits up to a thousand of components can be processed by 
the test generator relatively fast (all the circuits run in less than one minute). Once the number 
of components in the circuit goes above 1000, the generator slows down significantly. The Q-
Drive MK2, with 1925 components, takes approximately 3 hours and 45 minutes to be processed 
by the test generation software. This time, that might look large, is, however, more than 10 times 
lower than the one on the initial implementation based on SPICE simulations (see Table 7-1). 

 

Table 10-4. General runtime results of the test generator. 

 

The distribution of the execution time over the different parts of the program is as important as 
the total runtime value. Figure 10-2 presents this information for each qualification circuit. In the 
first two circuits, for which the runtime is lower than one second, most of the execution time is 
spent on the graph pre-processing. When the size of the analysed circuit increases, the 
importance of the “optimised-parallel-resistance” algorithm also grows, taking around 50% of 
the execution time on the RFID Card circuit and more than 75% on the AC-WB circuits. This 
tendency continues growing until the algorithm to calculate parallel resistances lasts for nearly 
100% of the time. This indicates that any optimization performed on the program to reduce the 

Circuit 
Graph  

pre-processing [s] 

Optimised P. 
Resistance 

algorithm [s] 

Other 
operations 

[s] 

Total 
runtime 

 [s] 

Runtime 
per test 

 [s] 

ETS-Q UART 0.27 0.03 0.03 0.33 0.11 

ETS-Q CS 0.16 0.00 0.01 0.17 0.08 

RFID Card 0.27 0.33 0.07 0.67 0.04 

AC-WB 1ph 0.28 1.91 0.34 2.54 0.06 

AC-WB 3ph 0.27 2.07 0.36 2.70 0.06 

PADC8AX 0.83 16.14 0.61 17.57 0.17 

Q-Drive MK2 2.34 13372.00 5.01 13379.35 57.67 
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execution time should focus on the “optimised-parallel-resistance” algorithm and not as much on 
the graph pre-processing. Another possibility would be to bring as many functions as possible to 
the graph pre-processing routine, as it is only executed once and not recursively like the other 
algorithms. 

 

 

Figure 10-2. Distribution of the execution time over the different parts of the test generator. 

 

The statistics about the number of calls to Dijkstra’s shortest path algorithm are also relevant to 
understand the behaviour of the test simulator. The number of calls to the shortest path algorithm 
grows with the circuit size. In the smallest boards, the number of calls to the algorithm is 15, 
whereas for the Q-Drive MK2 circuit the total number of calls reaches 10 602. What is more, the 
duration of each call to Dijkstra’s algorithm also suffers an important slow down with the increase 
of components on the board. In the test generation of the ETS-Q UART board, each call takes, on 
average, 0.2 ms to run. This time grows with the circuit size to a maximum of 1.26 seconds per 
call in the case of the Q-Drive MK2 board. 

 

Table 10-5. Number of calls to Dijkstra’s shortest path algorithm and duration of each call. 
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Once the general runtime analysis was performed, a more concrete study was focused on the 
“optimised-parallel-resistance” algorithm. The algorithm was split in four parts: 

1. Initial analysis: performs the initial calls to Dijkstra’s algorithm to identify the first 
shortest path between source and target. 

2. Resistance analysis: uses the “lowest-parallel-resistance” algorithm to calculate the 
minimum resistance between source and target. 

3. Voltage drop analysis: uses the “lowest-voltage-drop” algorithm to calculate the 
minimum resistance between source and target. 

4. Transistor analysis: uses the “transistor-state-analysis” algorithm to predict the status 
of transistors. 

After dividing the “optimized-parallel-resistance” algorithm in the previous parts, the execution 
time of each routine was measured. Figure 10-3 shows how the time is distributed for the test 
generation of each qualification circuit. The first remarkable fact about Figure 10-3 is that the 
voltage drop analysis routine does not consume time in any of the circuits. This is due to the strict 
requirements established for this function to be called (when paths with five or more PN-
junctions are found). Another interesting fact is that the importance of the initial analysis on the 
overall execution time decreases when the size of the circuit grows. In the case of ETS-Q boards 
the initial analysis takes most of the time, whereas for the Q-Drive MK2 generation, the initial 
analysis only represents 20% of the total runtime. With respect to the transistor analysis, the 
percentage of time that this routine takes to execute strongly depends on the number of 
transistors on the circuit and their disposition. That is the reason why in one small-size circuit 
(ETS-Q CS), one medium-size circuit (RFID Card), and one big-size circuit (Q-Drive MK2) the 
transistor analysis consumes more than 33% of the time, while in the others it stays below 13%. 

 

 

 

Figure 10-3. Distribution of the execution time over the different routines 
 of the “optimized-parallel-resistance” algorithm. 
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The distribution of Dijkstra calls on the “optimised-parallel-resistance” algorithm was also 
registered and can be seen on Figure 10-4. The first interesting data that the graph shows is the 
number of Dijkstra calls on the resistance analysis of the ETS-Q circuits. Almost half of the total 
calls to the shortest path algorithm happen in that routine, even though Figure 10-3 showed that 
no time was spent in it. The reason for this is that the execution time of the routine in this case is 
significantly below 1 ms, and it is not registered by the stopwatch. This also means that the time 
of each call to Dijkstra’s algorithm is not constant, which is reasonable since the removal of 
resistor and transistor edges also reduces the number of paths to analyse. In the test generation 
of the AC-WB boards the situation is similar. Even though only 40% of the time is spent on the 
resistance calculation routine, more than 65% of the total calls to the shortest path algorithm 
occur in that part of the code. As the size of the circuit increases, the mapping between time and 
Dijkstra calls is closer to a 1:1 relation, as the last two circuits show.  

 

 

Figure 10-4. Distribution of calls to Dijkstra’s shortest path algorithm  
over the “optimized-parallel-resistance” routines. 

 

To conclude the runtime analysis section, the graphs were built to better understand how the 
execution time evolves with the circuit size. After making several comparisons between the 
execution times of each circuit and their topology parameters (number of components, number 
of edges, number of vertices, etc.), it was found out that none of those functions followed a clear 
trend. On the other hand, the total runtime seemed to be a function of the number of calls to 
Dijkstra’s algorithm, as Figure 10-5 shows. The Y-axis of the graph is in logarithmic scale to 
properly represent the execution times of the large and small circuits. According to the power 
regression performed by Excel, Equation (10.1) represents the execution time as a function of 
calls to Dijkstra’s algorithm. 
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Figure 10-5. Total execution time as a function of the number of calls to Dijkstra’s shortest path algorithm. 

 𝑒(𝑥) = 2 ∙ 10−5𝑥2.1489 (10.1) 

After calculating the relation between the execution time of the “optimised-parallel-resistance” 
algorithm, it was decided to investigate if there was any relation between the number of calls to 
Dijkstra’s algorithm and the topological information of a circuit. Figure 10-6 and Figure 10-7 
show the relation between the directed graph size (number of edges and number of vertices 
respectively) and the number of calls to Dijkstra’s shortest path algorithm. In both cases, the 
function was approximated by a polynomial equation of third degree ‒Equations (10.2) and 
(10.3)‒. Finally, to obtain the direct conversion between the number of edges/vertices and the 
execution time of the “optimised-parallel-resistance” algorithm, the composition of 𝑒(𝑥)  and 
𝑑(𝑥) can be used ‒Equation (10.4)‒. 

 

Figure 10-6. Number of calls to Dijkstra’s shortest path algorithm  
as a function of the number of edges in the directed graph. 

 𝑑(𝑥) = 7 ∙ 10−8𝑥3 − 4 ∙ 10−5𝑥2 + 0.5158 𝑥 + 12.637 (10.2) 
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Figure 10-7. Number of calls to Dijkstra’s shortest path algorithm  
as a function of the number of vertices in the directed graph. 

 𝑑(𝑥) = 3 ∙ 10−6𝑥3 + 0.0022 𝑥2 + 1.2744 𝑥 + 13.722 (10.3) 

 
[𝑒 ∘ 𝑑](𝑥) = 2 ∙ 10−5(𝑑(𝑥))2.1489 (10.4) 

 

With the previous analysis, the parts of the algorithm with a higher cost in terms of time have 
been identified and analysed. In addition, the complexity of the algorithm has also been calculated 
as a function of the vertices and edges in the graph. However, these results might be considered 
carefully, as the electrical characteristics of the circuits also have an important impact on the 
performance of the algorithm. To have a better overview of the practical complexity of the test 
generator, more data should be added to the previous graphs to increase the accuracy of the 
regression equations. The presented data also shows that the test generator can create tests in a 
reasonable amount of time even in big circuits. Execution times of a few hours were considered 
assumable at Prodrive, given that the generation of a single test takes less than one minute.  

Even though the optimization of the test generator in terms of runtime is out of the scope of this 
project, it is recommended to focus the effort for such a task on the reduction of the execution 
time of Dijkstra’s shortest path algorithm. As the results have shown, this algorithm is called a 
considerably high number of times on big circuits. Hence, any small improvement on the 
calculation of shortest paths will have a big impact on the overall execution time of the generator. 
Some ideas for future improvements are the following: 

• To limit Dijkstra’s algorithm to a source to target calculation instead of executing it for the 
complete graph [30]. 

• To use a different shortest path algorithm with heuristics like the A* or the hierarchical 
A* [31].  
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 Coverage results 

The last part of the qualification process consisted of analysing the coverage achieved on the 
tested boards. The coverage was studied on the circuits in Section 10.1, to focus the results in real 
situations with limited net access and hardware constraints. The coverage was calculated 
following the instructions in [6, 32], giving an equal weight to all the PCOLA/SOQ properties. 
Starting from Equation (2.3), a device score (𝐷𝑆) is calculated for each discrete active component 
(d)  on the board using Equation (10.5), where Range is set to 100 000, and A is the total number 
of components on the board. Afterwards, the total board device score (BDS) is obtained by 
summing all the device scores ‒Equation (10.6)‒. In the case of the board connection score (BCS), 
the coverage is calculated directly by summing all the values resulting from Equation (2.6), as in 
Equation (10.7). It must be noted that the maximum value for BDS is equals to Range and the 
maximum BCS value is the number of connections on the board. 

 

 𝐷𝑆(𝑑) = 𝑅𝐷𝑆(𝑑) ∙ 𝑅𝑎𝑛𝑔𝑒/𝐴 (10.5) 

 

 𝐵𝐷𝑆 = ∑ 𝑅𝐷𝑆(𝑑)

𝑑 ∈ 𝐵

 (10.6) 

 

 𝐵𝐶𝑆 = ∑ 𝐶𝑆(𝑐)

𝑐 ∈ 𝐵

 (10.7) 

 

Using the previous equations, the BDS and the BCS values were calculated for all the circuits in 
Table 10-3. The reader must note that, on a real product many different tests are performed to 
cover as many properties as possible. Since this project is focused only on discrete active 
components and ICTs, the resulting general coverage for a given board is relatively low. To have 
a better idea of the real impact of testing discrete active components, the coverage was calculated 
in the following device coverage conditions (DCC): 

• DCC 1: all the PCOLA properties are considered (with equal weights of 0.2). BDS is 
calculated considering all the components on the board (i.e. A is set to the total number of 
components on the board). 

• DCC 2: all the PCOLA properties are considered (with equal weights of 0.2). BDS is 
calculated considering only discrete active components on the board (i.e. A is set to the 
number of discrete active components on the board). 

• DCC 3: only the POL properties are considered (with equal weights of 0.333). BDS is 
calculated considering only discrete active components on the board (i.e. A is set to the 
number of discrete active components on the board). 

• DCC 4: only the POL properties are considered (with equal weights of 0.333). BDS is 
calculated considering only the discrete active components on the board with net access 
(i.e. A is set to the number of discrete active components on the board accessible by the 
test equipment). 

For the connection coverage only two different conditions were proposed: 

• CCC 1: all the SOQ properties are considered (with equal weights of 0.333). 

• CCC 2: only the SO properties are considered (with equal weights of 0.5). 
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Following the previous guidelines, the graph in Figure 10-8 was created. It can be observed that 
the coverage grows as the conditions are narrowed to the properties that ICT is capable to cover 
and the devices that were testable. The initial value (DCC 1) gives an idea of how much the overall 
coverage of a product would be increased by performing ICT on its discrete active components. 
The second bar (DCC 2) indicates the coverage increase for discrete active components. In this 
case, the missing coverage is due to the incapability of ICT to cover correctness and alignment, 
components without net access, and low impedance paths that make tests infeasible. The third 
bar (DCC 3) shrinks the PCOLA properties to those that ICT can cover (POL). In that way, the 
missing coverage only corresponds to inaccessible or untestable components (due to low 
impedance paths). Finally, the fourth bar eliminates the components that are inaccessible and 
keeps only those that have been tested. The missing coverage is, in this case, caused exclusively 
by low impedance paths in parallel to the CUT. The reader must note that all the tests performed 
in real products (RFID Card, AC-WB 3ph, and PADC8AX) were executed with fixtures not meant 
for active components testing. Otherwise, more discrete active devices would have been testable, 
and the grey and orange bars would be closer to each other. 

 

Figure 10-8. Board device score for each circuit calculated according to four device coverage conditions. 

In general, the overall coverage that ICT of active components can provide is around a 5% of the 
full coverage in the test conditions described in this project. However, with fixtures designed for 
discrete active components testing and a good adjustment of the test magnitudes (currents and 
voltages), this coverage can be increased. As the orange bar in Figure 10-8 shows, when an active 
component is accessible, the chance that it is testable is high: 100% testability in the first two 
circuits, 89% in the RFID Card board, 65% in the AC-WB 3ph product, and 85% on the PADC8AX 
board. 

The connection coverage was also calculated in the two conditions specified before. However, the 
information provided by Figure 10-9 is not as insightful as the board device scores, since board 
connection scores are not weighted. In any case, it can be observed that in the ETS-Q circuits the 
number of covered connections is relatively low (below 10). The reason for this is that the ETS-Q 
UART circuit only had three active components and the ETS-Q CS circuit just two. In the other two 
products the increase in the covered connections is due to the higher number of tested 
components on those boards. It is worth mentioning that in the blue bars all the SOQ properties 
are considered, whereas in the yellow ones only the properties that are testable with ICT are 
considered (shorts and opens). 
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Figure 10-9.Board connection score calculated for each circuit according to two connection coverage conditions. 
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11Conclusion 

Having validated the proof-of-concept of an automatic generator of ICT for discrete active 
components, the outcome of the project and the future work to further improve the proposed 
software must be discussed. 

 Discussion of the project 

This master thesis concludes with the proposition of an automatic generator for discrete active 
components that has been qualified with promising experimental results. Hence, the main goal of 
the project stated in the problem definition chapter has been successfully reached. In fact, plans 
have already been made at Prodrive Technologies to have a final implementation of the automatic 
generator for discrete active components due 2021. 

The proposed solution is not optimal in the sense that it is based on worst-case scenarios rather 
than exact situations. In addition, it requires a certain level of manual tuning (adjustment of 
generation parameters) to achieve the best possible results. However, the test generator has 
proven to provide near-optimal results with a human effort that is negligible compared to a 
completely manual elaboration of ICTs for active components. In terms of time, the obtained 
results were also satisfactory. In the most disadvantageous case among the evaluated ones (the 
Q-Drive MK2 board), the test generation took less than four hours to complete its tasks, and less 
than one minute (on average) to create each test. Furthermore, these times can be reduced by 
applying optimizations that will be discussed in Section 11.2. 

Despite the good qualification results, the generator for discrete active components is still not 
ready to be integrated on the Test Design Tool software. The proof-of-concept developed during 
this project was valuable to prove the feasibility algorithms, but it still lacks features to make the 
application user-friendly. To do so, graphical interfaces must be included to add/modify 
components on the graph, present the results, etc., and a better handling of exceptions is required. 
On the equipment side, some improvements are required as well. This project exposed the 
limitations of the ETS-ICT modules at Prodrive. Even though the circuits on the ETS boards are 
ready to test active components, the firmware still lacks functionalities to automate the process. 
In terms of hardware limitations, the addition of current and voltage limiting circuits to the ETS 
would be desirable. 

 Future work 

As discussed before, there is further scope for improvement of the project in many ways. Some of 
these improvements are just application enhancements for a smooth user experience, whereas 
others will probably lead to new research and development projects. 
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11.2.1 Change-of-concept enhancements 

Another approach to improve the performance of the test generator for discrete active 
components would be the study of new ways to predict test results. Given that the solution 
proposed in this document is not exact (it is based on worst-case scenarios), further 
investigations can be carried out to look for new approaches that lead to optimal results. Many 
methods have already been tested during the execution of this project, including techniques that 
used graph models and other that did not. On the graph side, it is recommended to further 
investigate the application of the maximum flow problem and its variations (e.g. max-flow min-
cost [28]) to the generation of tests for active components. Without the use of graphs, a promising 
approach could be the development of a SPICE simulator optimized for the testing conditions. 
The available simulators often include generic functionalities in order to cover a range of cases 
as wide as possible. Even though this is generally a desirable feature, the execution time of the 
modified nodal analysis algorithm could probably be optimized for DC operating points, and 
circuits with one or two sources. This supposition has not been proved yet, and it will require 
further research on SPICE simulators.  

When investigating any of the approaches described above, the researchers will need to face two 
challenges. The first one refers to the circuit modeling. Since the boards are not powered during 
ICTs, a valid electrical model of ICs and other complex components must be considered. Any 
behavioural model of those components will not work. The second consideration refers to the 
non-linearity of active components. As opposed to passive components, active components do 
not have a linear transfer function. This means that the calculation of their operating point is often 
an iterative process that not always provides correct results. To overcome this issue and find 
optimal solutions in a reasonable amount of time, additional case-specific information would 
probably be required. The challenge, then, will be to find the right assumptions. 

11.2.2 Runtime enhancements 

Some possible upgrades to reduce the execution time of the generator have already been 
discussed. The most obvious one is to adapt Dijkstra’s shortest path algorithm to a single source-
single target case [30]. This approach will not reduce the number of calls to the shortest path 
algorithm, but it will speed it up in most of the cases. As discussed in Section 10.2, any small 
improvement on the execution time of Dijkstra’s algorithm will have a great impact on the 
generator performance. A more complex solution will be to study other shortest path algorithms 
(e.g. hierarchical A* [31]), or more efficient implementations of Dijkstra’s version [33]. 

Without modifying the current generator, the overall runtime could also be optimized by applying 
data parallelization methods. It must be noted that the algorithms have the potential to be highly 
parallelizable in terms of data. The current program has an initial sequential phase (creation and 
initialization of the directed graph) and, afterwards, the same structure is used for the test 
generation of each active component without any data dependency between tests. Hence, in an 
ideal situation with unlimited processors and memory, the execution time of the generator would 
be equal to the slowest test. Even in the worst cases, the complete circuit could be analysed in few 
seconds. Even though this situation is not realistic, scenarios where the active components are 
distributed over two or four processors are reasonable. 

11.2.3 Coverage enhancements 

The test generator developed in this project does not analyse any parameters of the active devices 
on the board (e.g. forward voltage of diodes). Instead, it considers ideal components that act as 
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simple short or open circuits. This behaviour was implemented to release test engineers from the 
task of manually importing the component data. However, the coverage calculated by the test 
generator can be improved if such information is taken into account. For example, it would be 
possible to test diodes in parallel when the difference between their forward voltages is 
remarkable. These situations have already been seen in real cases, and some tests have shown 
promising results regarding the testability and coverage of those active component structures. 

In the current implementation of the generator, there is a way to increase the predicted coverage 
on the previous situations, which consists of reducing the maximum number of PN-junctions 
allowed on a parallel path ‒see Equation (9.3)‒. However, the test engineer must be careful when 
adjusting that parameter, since a value too low could generate optimistic results. In the future, it 
might be possible to create a database to feed the test generator with more information about the 
component on each board. In that way, the coverage provided by the generator would be higher 
while keeping the precision of the results intact. 

Another way to improve the test generator coverage is to extend the types of discrete active 
components for which tests are generated. This project focuses on diodes, bipolar transistors and 
MOSFETs, which are the most common discrete active devices that can be found on a PCB. 
However, the models of other active components are also expected to be included in future 
versions of the test generator. 

11.2.4 User experience enhancements 

In this category fall all the improvements that will make the test generator user friendly. During 
the development phase of the project numerous different components have been encountered on 
Prodrive’s products. For the proof-of-concept developed in this project, the mapping of 
components into graphs was automated as much as possible, but given the variety of devices that 
can appear on a board, it will be required to implement a graphical user interface that allows to 
add and modify the components in the circuits. The addition of components can even be model 
based, with reusable files that contain the models (in terms of vertices and directed edges) of the 
most complex devices. Some steps have been taken already in this direction, with the addition of 
functionalities that allow the user to select the power and reference pins of ICs. 

The presentation of results can be improved with advance graphical interfaces that show 
feedback to the user. This feedback can be presented as a graph for each active component that 
shows the low impedance paths in parallel to it with a color code (intense colors for low 
impedance paths and softer colors for high impedance ones). This graph can be combined with 
numerical information about the resistance of each path. 
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