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Abstract
Nowadays, electronic systems are widely used in applications such as mobile phones, laptops, etc., 
but the electronic systems are not permanent and indestructible, so the reliability of an electronic 
system is a major concern. However, the lifetime of electronic systems are shorter than it was 40 
years  ago  because  the  dimensions  of  wires  are  smaller  due  to  the  advanced  manufacturing 
technologies. 

Electromigration is a wear-out mechanism which becomes an important issue, due to the fact that 
the reduced dimension of wires makes current density increase so that, the probability of failure due 
to electromigration is much higher than 40 years ago. Electromigration means the cross-section area 
of the wire decreases due to the movement of ions in high current density.  The reduced cross-
section area increases the resistance of the wire so that the delay of the wire is increasing as well. 
The whole system might fail when the delay is longer than the clock period.

To predict electronic system failure caused by electromigration, a delay measurement circuit can be 
used as a predictor to give an early warning. However, the delay measurement circuit is expensive 
and not necessary for an electronic system to work correctly. Therefore, the purpose in this thesis is 
to minimize the number of measurement points. In order to minimize the number of measurement 
points, a method is developed to find the wear-out sensitive wires (WSWs) and determine where 
delay measurement circuits should be placed. Therefore, the measurement points are minimized and 
the cost of the system is also reduced.
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Chapter 1

Introduction

Nowadays, electronic systems are widely used in applications such as mobile phones, 
laptops, etc.,  but the electronic systems are not permanent and indestructible,  so the 
reliability of an electronic system is a major concern. The reliable electronic systems 
can perform the required functions under particular specifications. The lifetime of the 
electronic systems is the time period of system service that can be provided, in other 
words, the lifetime can also represent the reliability of electronic systems.

1.1 Electromigration

There are some wear-out mechanisms that cause electronic systems to deteriorate and 
eventually lead to system failure. Electromigration is one of the wear-out mechanisms 
which causes the cross-section area of wires to decrease as high current densities cause 
metal ions to move. The decreased cross-section area increases the resistance of the wire 
so that the delay time of the wire is increasing as well [1]. When the total delay is longer 
than one period of the clock signal, the behavior of the system becomes faulty because 
of this faulty wire.

The semiconductor manufacturing process has advanced to 45 nanometers process from 
10  micrometers  process  40  years  ago.  The  improvement  of  manufacturing  process 
significantly  reduce  the  size  of  electronic  system.  More  complex  circuits  can  be 
designed on a  single  chip than 40 years  ago with the better  performance and more 
powerful  functionality.  However,  the  lifetime  of  electronic  systems  are  shorter  than 
before because the wires are affected by electromigration. 
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Electromigration has become a major issue recently because the current density in wires 
has increased in recent manufacturing processes due to the smaller wire dimensions [2]. 

Figure 1 presents how electromigration happens on the single wire in the electronic 
system. In Figure 1(a), the wire is full of ions, and the ions are static when the system is 
in a stable state. When a voltage difference is applied over the wire, the ions start to 
move with the current flow, and the equivalent resistance of the wire is equal to Req as 
shown in Figure 1(b). Figure 1(c) shows that after some time, the movement of ions 
cause a void on the wire, and now the equivalent resistance of the wire Req ' is larger 
than the original resistance Req . Finally in Figure 1(d), when the void becomes a gap, 
the wire is open, and the behavior of the system becomes faulty due to this faulty wire.

(a) (b)

(c) (d)

Figure 1. Process of electromigration on a wire
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1.2 Predicting failure due to electromigration

As  mentioned  in  Section  1.1,  the  resistance  of  the  wire  increases  due  to 
electromigration,  and  the  delay  also  increases  because  of  the  higher  resistance.  To 
predict  failure  of  electronic  systems  due  to  electromigration,  a  delay  measurement 
circuit can be set up on the output as a predictor which measures the delay on outputs 
regularly. The predictor can give an early warning when the delay was increased and so 
predict failure due to electromigration (FDTE).

The delay measurement circuits are placed on measurement points to predict FDTE. 
However,  the  delay  measurement  circuit  is  expensive  and  not  necessary  for  an 
electronic  system to  work  correctly.  An  important  observation  is  that  measurement 
points are not required for all  the primary outputs because the probability of failure 
caused  by electromigration  on  each  wire  is  different  to  each  other.  The  details  are 
discussed in the following chapters.

The  purpose  in  this  thesis  is  to  minimize  the  number  of  measurement  points  for 
predicting the FDTE.
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Chapter 2

Background

To understand the characteristic of electromigration and how to find the minimum set of 
measurement points, some basic ideas have to be considered.

2.1 Blech length and the lifetime of a wire with regard to 
Electromigration

The length of the wire is limited with regard to electromigration which is called “Blech 
length” (typically 10 um to 100 um for Al metal), and any wire which has a shorter 
length than Blech length will not fail due to electromigration [3]. 

Electromigration has always affected the electronic systems, but only recently has this 
effect been large enough compared to the wires cross-section area to cause significant 
wear-out.  James R. Black developed an empirical model to estimate the mean time to 
failure (MTTF) of a wire in 1969, taking electromigration into consideration  [4]. The 
model is shown in Equation 1.

MTTF=A⋅J−n⋅e
Ea
k⋅T                      (1)
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In Equation 1, A is the cross-section area of the wire, J is the current density, Ea is the 
activation  energy (e.g.  0.7  eV for  grain  boundary diffusion  in  aluminum),  k is  the 
Boltzmann constant, T is the temperature and n is a scaling factor (usually set to 2) [5].

Smaller  cross-section  area  and  the  higher  current  density  will  cause  the  MTTF  to 
decrease. The MTTF can be used to analyze the factors that lead to electromigration 
induced failure.

2.2 Signal activity of the wires

The signal activity is related to the probability of FDTE because high signal activity 
means the current flows more often, and electromigration only has effect when current 
is flowing. Therefore, the signal activity can be used to find wires that are more likely to 
be affected by electromigration than other wires [6].

A wire has high signal activity when the probability of signal transition is higher than 
the in other wires. In other words, the probability of the signal transition from “One” to 
“Zero” or the signal transition from “Zero” to “One” in a particular wire is higher than 
the other wires. The signal activity is typically estimated by simulating the considered 
circuit with a large set of functional input vectors, as discussed in Section 5.1.

2.3 Load capacitance and fan-out of the wires

The load capacitance can be used to identify wires are more likely than other wires to be 
influenced by electromigration. Each time the logic value on a wire changes, a current 
will flow through the wire corresponding to the capacitance of transistor gates that are 
charged or discharged because of the change of logic value. Either more current, or a 
longer  application  of  a  given  current  is  required  to  charge  or  discharge  a  larger 
capacitance compared to  a smaller  capacitance.  With more current  on the wire  or a 
longer exposure of current on the wire the probability of impact from electromigration 
on the wire will be increased.

As shown in Figure 2, the time of charging a large capacitance is longer than charging a 
small capacitance. In other words, there is more current flowing through the wire so that 
the  probability  of  impact  from  electromigration  is  higher  on  the  wire  with  large 
capacitance than the wire with small capacitance.

The load capacitance on the wire is related to the number of fan-out for the wire. That 
means the larger number of fan-out, the larger load capacitance on the wire, and the 
higher probability that electromigration will have a significant impact on the wire.
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(a) Small capacitance (b)  Large capacitance

Figure 2. The time of charging a capacitance

2.4 Wear-out sensitive wire of electromigration

The probability of failure caused by electromigration is different for each wire in the 
circuit. From Section 2.2 and Section 2.3, we can know the set of wires that have a 
higher probability of impact from electromigration than other wires.

In this thesis, the signal activities and the number of fan-out are used to identify the 
“wear-out sensitive wires” (WSWs).
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Chapter 3

Prior Work

The Time until FDTE of an electronic system becomes shorter as mentioned in Chapter 
1. Therefore, the reliability concern and the prediction of electromigration are widely 
researched for reducing the cost of irregular maintenance and the cost of systems failing 
in  the  field.  In  this  chapter,  studies  related  to  wear-out  prediction  with  regard  to 
electromigration are reviewed.

3.1 Reliability prediction

Reliability prediction is concerned with weak spots in a system. In this context, there are 
three relevant studies [3,6,8]. As mentioned in Section 2.1, there is a lower limit of the 
wire length with regard to electromigration, which is called “Blech length” [3].

The signal probability and signal activity are discussed in [6] as indication of wear-out 
sensitive wires. The accurate signal probabilities of all the nodes in the circuit can be 
calculated to analyze the reliability problems. The signal activity and capacitance of the 
gate  are  used  to  model  the  electromigration  effect  for  the  gate,  and  the  detail  is 
mentioned in [6].

There are some simulators that can be used to simulate the reliability prediction for 
electromigration. Berkeley Reliability Tools (BERT) is one of the simulators which was 
developed at the University of California, Berkeley. In BERT, user can provide either 
the schematic of the circuit or the layout geometry for generating the result. The result 
consists  of  the  information  about  critical  wires,  contacts,  and  vias  with  regard  to 
electromigration, and advice for improving the layout is provided as well [8].
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3.2 Prediction of lifetime for the wire in the presence of 
electromigration

Three relevant studies [4,9,10] consider the lifetime if a system. The MTTF of the wire 
is estimated by James R. Black in 1969 as mentioned in Section 2.1.

Low-frequency noise has been used to predict the FDTE. The MTTF of a wire is related 
to low-frequency noise power spectral density. The MTTF of a wire decreases when the 
low-frequency noise power spectral increases, and the detail is shown in [9].

There is a simulation-based approach for prediction system lifetime in [10]. The wire is 
modeled as a matrix, and each block in this matrix is regarded as a grain element. In the 
analysis  process,  grain  elements  are  removed  because  of  electromigration.  The 
electromigration analysis continues until a gap happens in the wire, and the wire fails 
because  of  this  gap.  Through  such  simulation,  the  lifetime  of  the  system with  the 
considered wire can be estimated.

3.3 Health monitoring 

The health of the system can be monitoring as a reliability prediction, which means the 
states of the system are measured by continuous or regular measurement [7]. This idea 
is employed in the work presented in this report.  It should be noted that  [7] did not 
discuss reduction of the number of measurement points which is the focus of this report.

3.4 Summary of prior work

From the review of prior work above, it can be seen that all previous studies but [7] are 
concerned with  off-line  prediction  of  circuit  reliability  or  lifetime.  In  fact,  only  [7] 
among the previous studies has proposed an on-line, on-chip predictor circuit. It should 
be noted that  [7] has  not  addressed  the  problems associated with design of  a  cost-
effective electromigration wear-out predictor circuit.

It should be noted that this thesis, in contrast to the prior work, proposes a method to 
solve a  relevant  problem associated  with design of  a  cost-effective electromigration 
wear-out  predictor  circuit.  This  problem  is  to  minimize  the  number  of  delay 
measurement circuits required. The proposed solution, as it will be described in Chapter 
5, will require that wear-out sensitive wires are identified. While BERT is capable of 
identifying such wires, the work that is described in this thesis use a simple in-house 
tool for this purpose, as is further discussed in Chapter 5.
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Chapter 4

Analysis

The lifetime of a wire is shorter now than 40 years ago. That is because electromigration 
is more likely to have a significant effect when the width of the wire becomes smaller 
and smaller as manufacturing process technology scales. Subsequently, the probability 
of  system  failure  is  also  increased.  This  chapter  will  analyze  the  impact  of 
electromigration  to  determine  the  wires  that  are  most  likely  to  be  effected  and  to 
determine ways to detect that a wire is effected by electromigration.

4.1 Relation between WSW and primary output

The benchmark C17 is shown in Figure 3 which can be an example (the benchmark can 
be found in Appendix A).

In benchmark C17, there are four internal wires (n10, n11, n16 and n19). These wires 
are charging or discharging when the circuit changes state depending on the different 
test stimuli pairs that are applied. A pair of test stimuli can cause a signal transition to 
happen on the wires. The signal transition will cause currents to flow through the circuit 
and this causes wear-out due to electromigration.

There are two primary outputs in benchmark C17, which are output N22 and output 
N23. The signal transition can be used to find the relations between wires and primary 
outputs, Figure 4 shows an example. In Figure 4, a transition happens on wire n19 (from 
“ZERO”  to  “ONE”),  and  there  is  no  transition  on  other  internal  wires.  From this 
example, it can be seen that wires can be related to specific outputs. This is an important 
observation which will be used in the proposed method for minimizing the number of 
delay measurement points that are required for an electromigration wear-out predictor 
circuit.
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Figure 3. Benchmark C17 

Figure 4. Signal transition on wire n19
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4.2 WSW analysis in benchmark C17 

For identifying the wires that are most likely to be affected by electromigration called 
WSWs, the signal activities and the number of fan-out for all wires will be measured, 
according to Section 2.2 and Section 2.3.

For benchmark C17, the signal activities and the fan-out for all internal wires (neither 
primary inputs nor primary outputs) are shown in Table 1.

Name of wire Signal 
activity

Fan-out

n10 0.384 1
n11 0.382 2
n16 0.494 2
n19 0.462 1

 
Table 1. The signal activities and the number of fan-out for each wire in benchmark C17

From  preliminary  experiments  including  several  benchmarks  that  are  significantly 
larger than benchmark C17, we get the total average value of signal activity 0.44 and 
the total average number of fan-out 1.57 for all wires in the benchmarks, and the setup 
for these preliminary experiments will be further discussed in Chapter 6.

WSWs can be found as follows. Wire n16 and wire n19 have higher signal activities 
than 0.44, but only wire n16 has a fan-out which is larger than average value 1.57, so 
wire n16 is a WSW. 

In Figure 5, there is a signal transition on wire n16 from “ZERO” to “ONE”, and the 
transition can be detected on both primary output N22 and primary output N23 when 
wire  n10  has  the  logic  value  “ONE”  and  wire  n19  has  the  logic  value  “ONE”. 
Therefore, any fault on wire n16 can be detected on primary output N22 and primary 
output N23. This follows logically from the example in Figure 5.

This example shows that a WSW can be associated with a set of outputs such that the 
logic functions for the outputs depend on the WSW. This way of relating the WSWs to 
outputs is used in the proposed method (discussed in Chapter 5) to minimize the number 
of delay measurement circuits required to impact an electromigration wear-out predictor 
circuit.
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Figure 5. Signal transition on wire n16 
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Chapter 5

Method

Figure 7 presents the flow from design to operation of an integrated circuit (IC) and its 
embedded predictor. In this thesis, we are only focusing on the tool called “Predictor 
design” that is developed for minimizing the number of delay measurement circuits. 

To find out the minimum number of outputs that should have measurement points, a 
tool flow has been developed and implemented. The tool flow consists of five steps as 
shown in Figure 8. In the first step, the design is synthesized to make the gates in the 
design match with the gate library. Figure 6 show the result of synthesis on the C17 
example. In second step an automatic test pattern generation (ATPG) tool generates the 
test stimuli pairs shown in Table 2. Applying the stimuli vectors of a stimuli pair in 
sequence causes a transition of state in the design.

In step 3, the synthesized benchmark as shown in Figure 6 has to be analyzed to define 
the WSWs. For this  step,  a  tool called “WSW analysis”  has been developed and is 
described in Section 5.1. After getting WSWs, the relations between primary outputs 
and the WSWs will be determined in step 4. For step 4, a tool called “Related outputs 
analysis” and is described in Section 5.2. In step 5, by using Linear Programming (LP) 
solver, the minimum set of primary outputs is found such that the outputs can be used to 
measure the delay for all WSWs. A tool “Measurement points identification” for this 
step is described in Section 5.3.

Figure 6. The synthesized benchmark C17
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Figure 7. Flow from design to operation of IC and predictor
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Figure 8. Flow of minimizing the output measurement points
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Benchmark c17 1st test stimuli 2nd test stimuli
Test stimuli pair 0 00000 11111
Test stimuli pair 1 11101 01110
Test stimuli pair 2 00111 11010
Test stimuli pair 3 01011 00011
Test stimuli pair 4 11110 11101
Test stimuli pair 5 11110 00010

Table 2. The test stimuli pairs for causing different transition of state in the synthesized 
benchmark C17. The test stimuli pairs are generated by an ATPG tool (The value of 

each test stimuli is for primary input N1, N2, N3, N6 and N7, respectively)

5.1 WSW analysis

From Section 2.1, we know that the Blech length can be considered as a limitation of 
wires, but since identification of short wires require layout information, which is only 
available after design of any predictor circuit as shown in Figure 7. Blech length is not 
further discussed in this report.

There are two steps for identifying the WSWs in the electronic system. In the first step, 
the signal activity for each wire is calculated. More than 1,000 functional input vectors 
are given to the primary inputs of the tested benchmark. The signal activities of all the 
wires between primary inputs and primary outputs are recorded, there is an example in 
Table 3 for the synthesized version of benchmark C17 (Figure 6).

The signal activity can be measured by Equation 2,

Signal Activity
for wire X

= Number of transitions onwire X
Number of input vectors    (2)

In the second step, the number of fan-out for each wire is recorded as in the example in 
Table 3. After these two steps, the signal activity and the number of fan-out for each 
wire is compared with the average value, and the WSWs are determined when both the 
signal activity and the number of fan-out are higher than average value. The average 
values of signal activity and the number of fan-out will be further discussed in Chapter 
6.
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The WSWs are  identified in  this  way,  and only the WSWs will  be targeted bu the 
predictors  delay  measurement  points,  because  the  probability  of  wear-out  due  to 
electromigration will be higher in the WSWs than in other wires. Therefore, the set of 
WSWs should contain the wires that are first affected by electromigration.

Name of wire Signal 
activity

Fan-out

n5 0.3743 1
n6 0.3743 1
n7 0.4968 1
n8 0.4995 2
n9 0.3751 2

Table 3. The signal activities and the fan-out for each wire in the synthesized benchmark 
C17

From the example of Table 3, wire n7 and wire n8 have the higher signal activities, and 
the  number  of  fan-out  for  wire  n8  and wire  n9  are  higher  than  the  average  value. 
Therefore, wire n8 is defined as the WSW because only wire n8 has both the higher 
signal activity and the larger fan-out. 

5.2 Related outputs analysis

To detect the increase in delay that indicates that a wire has deteriorated as a result of 
electromigration,  delay  measurement  circuits  are  placed  on  the  primary  outputs  as 
mentioned in Section 1.2. Delay measurements are performed at regular intervals with 
the same stimuli (see Table 2) and significant and consistent increase in delay indicate 
that  measured  circuits  contains  some  wire  that  has  deteriorated  as  a  result  of 
electromigration.  Delay can  only be  measured  when signal  transitions  occur  on  the 
primary inputs and the effect of those transitions affect the primary outputs.. Test stimuli 
pairs  from ATPG are used for  causing signal  transitions  to  be observed on primary 
outputs.
 
The Figure 9 and Figure 11 present two steps for determining the relations between 
WSW and primary outputs with respect to a set of test stimuli. 
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Step A is shown in Figure 9, all the test stimuli pairs have to be evaluated to get the 
value on the primary outputs, and the logic value X (it means “ONE” or “ZERO”) on 
the WSW is recorded.  The output set  A is  created by comparing the value on each 
primary output from the first test stimuli and the second test stimuli, and the output set 
A contains the outputs which are changed when using the second test stimuli instead of 
the first test stimuli.

For example, in Figure 10, by using the test stimuli pair 3 from Table 2, the primary 
inputs are given by “01011” and “00011” (N1, N2, N3, N6 and N7). The logic value on 
primary output N22 is from “ONE” to “ZERO”, and the logic value on primary output 
N23 keeps “ONE” when the inputs are changing from the first test stimuli to the second 
test stimuli. The output set A contains N22 which is determined as the set of primary 
outputs for which the logic value changes due to the transition of circuit state that is 
caused by the test stimuli pair.

Furthermore,  wire  n8  is  defined  as  WSW in  Section  5.1,  and  the  logic  value  X is 
“ZERO” from the Figure 10 which is estimated when the primary inputs are given by 
the first test stimuli.

The second step to determine the relation between WSW and primary outputs for a 
given test stimuli pair is presented in Figure 11. The set B of outputs are the outputs that 
change due to the test stimuli pair when the WSW does not change logic value. The 
WSW is set to keep the value X (“ZERO” in Figure 13) which is obtained when the 
primary inputs are given by the first test stimuli.

The estimation of output set B is similar to output set A and the output set B contains 
the outputs which are changed when we are applying the second test stimuli instead of 
the first test stimuli except that the logic value on WSW is set to X. If the transition on 
the primary outputs depend on the WSW, this will cause set B to different to set A. This 
flow of step A and step B is performed on each WSW and each test stimuli pair.

There is  an example in  Figure 12 which shows the output set  B in the synthesized 
benchmark C17. In Figure 12, the WSW n8 is set to “ZERO” which is obtained from 
the first test stimuli as shown in Figure 11. Setting WSW n8 to “Zero” is for finding the 
outputs that depend on the ability of the WSW to propagate the transition. The output 
set B contains an empty set because both of primary output N22 and primary output 
N23 keep the same value when use the second test stimuli is applied after the first test 
stimuli.

After getting output set A and output set B, the related outputs for each WSW can be 
found by Equation 3:

A∪B−A∩B                              (3)

18



Further explanation is in Figure 13 and in Figure 14, A∩B are not the related outputs 
for the WSW because the outputs in A∩B are the same in step 1 and step 2, that 
means  the  outputs  in A∩B are  not  affected  by  the  failure  of  WSW  due  to 
electromigration. The rest of outputs in set A and set B are affected by the failure of 
WSW due to electromigration.

In the example Figure 10 and Figure 12, the related output for WSW n8 is primary 
output N22 when the primary inputs are given by test stimuli pair 3.
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Figure 9. Flow of finding out set A and value X for a WSW for each test stimuli pairs 
(First step for determining the relations between WSW and primary outputs)

Figure 10. Finding out the output set A by using test stimuli pair 3 in the synthesized 
benchmark C17
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Figure 11. Flow of finding out set B for a WSW for each test stimuli pairs (Second step 
for determining the relations between WSW and primary outputs)

Figure 12. Finding out the output set B by using test stimuli pair 3 in the synthesized 
benchmark C17
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Figure 13. Compute the related output set for each WSW

Figure 14. Related outputs for each WSW
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5.3 Measurement points identification

The final step is to minimize the number of output measurement points while providing 
possibility to measure all the WSWs at least once, and the problem is defined as an LP 
problem and an LP solver is used to find out where the delay measurement circuits 
should be placed. The key idea is to use the relationships between WSWs and primary 
outputs as defined by the method in Section 5.2 to find the smallest  set  of primary 
outputs that contain at least one primary output for each WSW.

In order to find the solution of the minimum number of output measurement points by 
using  an  LP  solver,  the  LP  problem  should  be  defined  at  first.  The  synthesized 
benchmark C17 can be an example.

In first step, we have to set two binary variables X22 and X23 which is corresponding to 
primary output N22 and N23, respectively.  The variable is use to determine is there 
measurement point on the corresponding output or not.  When the variable equals to 
“ONE”  which  means  there  is  measurement  point  in  the  corresponding  output. 
Otherwise, when the variable equals “ZERO” there is  no measurement point on the 
corresponding  output.  The  objective  function  can  be  set  as  following  which  is  for 
minimizing the measurement points on the primary outputs.

/* Objective function */
min: +X22 +X23;

In second step, the constrains are set for solving the LP problem, and the constrains are 
set by using the related output set for each wire. Now we assume that wire n7 and wire 
n8 are WSWs and their related output sets are given as following.

/* Related output set for each WSW */
Related output set for n7 = {N23}
Related output set for n8 = {N22, N23}

The WSW n7 only relate to output N23 and WSW n8 relate to both output N22 and 
output  N23.  We  have  to  set  one  constrain  for  each  WSW,  and  the  sum of  all  the 
variables of related outputs has to larger or equal than “ONE”. In other words, we have 
to make sure the delay measurement circuits we placed have to cover this WSW at least 
once. For example, we have to set the measurement point on output N23 for WSW n7, 
otherwise, the failure of WSW n7 will not be predicted.
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In synthesized benchmark C17, the constraints for the given specification are:

/* Constraints */
n7: +X23 >= 1;
n8: +X22 +X23 >= 1;

For the given related output set for WSW n7 and WSW n8, both of WSWs n7 and n8 
relate to the primary output N23, so the delay measurement circuits have to be placed on 
primary output N23 to predict the failure for both WSW n7 and WSW n8.

24



Chapter 6

Experiments

The  benchmarks  of  ISCAS-85  are  used  to  demonstrate  the  proposed  method  to 
minimize  the set  of  output  measurement  points.  The experimental  setup,  interesting 
observations and the result of experiments will be discussed in this chapter. 

6.1 Experimental setup

 

Benchmark Number of inputs Number of outputs Number of gates
c17 5 2 6
c432 36 7 160
c499 41 32 202
c880a 60 26 383
c1908 33 25 880
c2670 233 140 1269
c3540 50 22 1669
c5315 178 123 2307
c6288 32 32 2416
c7552 207 108 3513

Table 4. Specification of ISCAS-85 benchmarks 
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In  Table  4,  the  specification  of  all  the  tested  benchmarks  are  shown.  From  the 
specification, the total number of primary inputs and primary outputs are listed, and the 
size of each tested benchmarks is known as well. Furthermore, the table shows that the 
number of primary outputs is not proportional to the size of the benchmarks.

Benchmark Number of internal wires
c17 5
c432 173
c499 192
c880a 264
c1908 224
c2670 337
c3540 776
c5315 733
c6288 2675
c7552 844

Table 5. Number of internal wires in synthesized ISCAS-85 benchmarks 

The original gate-level netlist can be translated to a synthesized netlist by the Synopsys 
Design  Compiler  (SDC)  synthesis  tool.  In  Table  5,  the  number  of  wires  excluding 
primary inputs and primary outputs (internal wires) for each synthesized benchmark are 
shown. 
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Benchmark Number of test stimuli pairs
c17 6
c432 45
c499 80
c880a 35
c1908 67
c2670 55
c3540 135
c5315 50
c6288 93
c7552 72

Table 6. Number of test stimuli pairs in synthesized ISCAS-85 benchmarks 

In Table 6, it presents the number of test stimuli pairs which are generated by ATPG tool 
TetraMAX, and it can be seen that the number of test stimuli pairs is not proportional to 
the size of benchmarks as well. This represents step 2 of the flow in Figure 8.
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6.2 Result of experiments

Benchmark Average signal activity
c17 0.434
c432 0.398
c499 0.447
c880a 0.414
c1908 0.431
c2670 0.444
c3540 0.474
c5315 0.434
c6288 0.430
c7552 0.465

Table 7. Average signal activity in synthesized ISCAS-85 benchmarks 

The signal activity is related to the probability of FDTE as mentioned in Section 2.2. In 
the experiments, random input vectors are employed instead of functional input vectors 
because the functionalities of the considered benchmarks are not known. The signal 
activities  of  all  the  wires  are  measured  in  the  experiments,  and  the  average  signal 
activities are calculated as shown in Table 7, and the total average signal activity of all 
experimental  benchmarks  is  0.44  which  is  used  to  determine  the  WSW  in  the 
experiments in this report.
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Benchmark Number of internal 
wires

Number of wires with 
higher signal activity

Ratio between higher 
signal activity wires 
and all internal wires

c17 5 2 0.400
c432 173 42 0.243
c499 192 37 0.193
c880a 264 42 0.159
c1908 224 37 0.165
c2670 337 112 0.332
c3540 776 107 0.138
c5315 733 175 0.239
c6288 2675 656 0.245
c7552 844 381 0.451

Table 8. Number of wires with higher signal activity

At first, only the signal activity is considered as a factor of the wires which are more 
sensitive to wear-out due to electromigration. The number of wires with higher signal 
activity and the ratio between higher signal activity wires and all  internal wires are 
shown in Table 8. The ratios between higher signal activity wires and all internal wires 
are from 14% to 45%.
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Benchmark Average fan-out
c17 1.400
c432 1.382
c499 1.552
c880a 1.417
c1908 1.696
c2670 1.507
c3540 1.656
c5315 1.831
c6288 1.517
c7552 1.752

Table 9. Average fan-out for synthesized ISCAS-85 benchmarks 

According  to  Section  2.3,  the  fan-out  is  also  considered  to  identify  WSW. Table  9 
presents the average fan-out for the synthesized ISCAS-85 benchmarks. Only minority 
of the internal wires have a fan-out which is more than one, most of internal wires only 
have  one  fan-out.  The  total  average  number  of  fan-out  is  1.57  which  is  used  to 
determine the WSW in the experiments in this report.
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Benchmark Number of internal 
wires

Number of WSWs WSW ratio

c17 5 1 0.200
c432 173 2 0.011
c499 192 18 0.093
c880a 264 7 0.027
c1908 224 21 0.094
c2670 337 34 0.101
c3540 776 48 0.062
c5315 733 88 0.120
c6288 2675 350 0.131
c7552 844 186 0.220

Table 10. Number of WSWs in synthesized ISCAS-85 benchmarks when both the signal 
activity and the number of fan-out are considered 

In Table 10 shows the number of WSWs and the WSW ratio when signal activity and 
number of fan-out are considered. The WSW ratios are from 1% to 22%. This result of 
WSWs will be used to solve the LP problem as constrains corresponds to step 5 of the 
flow in Figure 8 . 
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Benchmark Number of outputs Number of 
measurement points

Measurement points 
ratio

c17 2 1 0.500
c432 7 1 0.143
c499 32 2 0.063
c880a 26 5 0.192
c1908 25 1 0.040
c2670 140 8 0.057
c3540 22 4 0.181
c5315 123 13 0.106
c6288 32 5 0.156
c7552 108 15 0.139

Table 11. Number of minimized measurement points in synthesized ISCAS-85 
benchmarks 

The minimized sets of outputs with delay measurement circuits are shown in Table 11 
The measurement points cover all the WSWs. The measurement points ratio present the 
ratio between the number of primary outputs which should have delay measurement 
circuits and the total number of primary outputs for each benchmark.

The measurement points ratio of synthesized benchmark C17 is 50% because there are 
only two primary outputs and one of them has to be placed with the delay measurement 
circuit, but typically, the measurement points ratios are lower than 20%, that means only 
less than 20% of outputs require measurement points.

In average, only 15% of all primary outputs should have delay measurement circuits for 
implementing an electromigration wear-out predictor circuit. This minimizes the cost 
for the predictor circuit.
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Benchmark Simulation time (second)
c17 6
c432 183
c499 442
c880a 326
c1908 484
c2670 1458
c3540 4772
c5315 5500
c6288 64116
c7552 13970

Table 12. The simulation time of synthesized ISCAS-85 benchmarks 

In Table 12, the simulation time of the synthesized benchmarks is discussed. The size of 
tested benchmark, the number of test stimuli pairs  for measuring the transition faults, 
the number of internal wires, and the number of WSWs, all of these factors affect the 
simulation time.
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Chapter 7

Conclusions

Wear-out mechanisms shorten the lifetimes of electronic systems compared to 40 years 
ago due to the advanced manufacturing technologies. Electromigration is one of the 
wear-out mechanisms and describes how the cross-section areas of the internal wires 
decrease because of the movement of ions when influenced by high current density. 
The  smaller  cross-section  areas  of  the  internal  wires  give  higher  resistance  and 
consequently higher delay during signal transitions,  and the electronic systems fails 
when the additional delay is too high and the circuit behavior becomes faulty. 

For  giving  an  early  warning  to  predict  the  FDTE,  it  is  envisioned  that  delay 
measurement  circuits  are  placed  on  the  primary  outputs  and  regular  delay 
measurements are  performed. The approach exploits  the fact  that  the probability of 
failure on each wire due to electromigration is different and it is affected by signal 
activity and the fan-out of each wire.

In this thesis, the signal activity and the fan-out for each internal wire are measured in 
the synthesized benchmark to determine the WSWs which have the higher probability 
of FDTE. Then, when we use the test stimuli pairs which are generated by ATPG tool 
for  finding  the  primary  outputs  which  are  related  to  each  WSW.  Furthermore,  the 
relations between primary outputs and each WSW are used to formulate a LP problem, 
and the minimum number of output measurement points is found by solving the LP 
problem.

The benchmarks of ISCAS-85 are used as experiments. The size of each benchmark, 
the number of internal wires, and the number of test stimuli pairs in the benchmarks are 
analyzed. In Section 6.2, the WSW ratio is discussed when we take the signal activity 
and the number of fan-out into consideration. The number of WSWs depend primarily 
on the fan-out. 
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From the  solution  of  the  LP problem,  the  number  of  measurement  points  in  each 
benchmark are found, and the measurement points ratios are only 15% in average for 
all benchmarks of ISCAS-85. The low measurement points ratio shows that the number 
of measurement points are minimized successfully.

In  the  last  place,  there  is  also  a  discussion  of  simulation  time.  The  size  of  tested 
benchmark,  the number of test  stimuli  pairs  for measuring the transition faults,  the 
number of internal wires, and the number of WSWs, all of these factors affected the 
simulation time.
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Glossary

FDTE Failure Due To Electromigration

MTTF Mean Time To Failure

WSW Wear-out Sensitive Wire

BERT Berkeley Reliability Tools

IC Integrated Circuit

ATPG Automatic Test Pattern Generation

LP Linear Programming

SDC Synopsys Design Compiler
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Appendix

A. Benchmark c17

// Verilog
// c17
// Ninputs 5
// Noutputs 2
// NtotalGates 6
// NAND2 6

module c17 (N1,N2,N3,N6,N7,N22,N23);

input N1,N2,N3,N6,N7;

output N22,N23;

wire N10,N11,N16,N19;

nand NAND2_1 (N10, N1, N3);
nand NAND2_2 (N11, N3, N6);
nand NAND2_3 (N16, N2, N11);
nand NAND2_4 (N19, N11, N7);
nand NAND2_5 (N22, N10, N16);
nand NAND2_6 (N23, N16, N19);

endmodule
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B. Script for design compiler

target_library=mygscl45nm.db
link_library=mygscl45nm.db

read -format verilog file_name.v
current_design= file_name
compile -ungroup_all -scan
insert_dft

check_scan
write -format verilog -output file_name_s.v
write_test_protocol -out file_name_s.spf

C. Script for TetraMAX

read netlist gscl45nm.v

read netlist file_name_s.v
run build_model file_name
run drc file_name_s.spf

set faults -Model Transition
add faults -all

run atpg -auto_compression
write patterns file_name.stil -format stil
write faults myfaults -All
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