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Ramp Voltage Testing for Detecting Interconnect Open Faults

Yukiya MIURA•õa),Member

SUMMARY A method for detecting interconnect open faults of CMOS 
combinational circuits by applying a ramp voltage to the power supply ter-
minal is proposed. The method can assign a known logic value to a fault 
location automatically by applying a ramp voltage and as a result, it re-
quires only one test vector to detect a fault as a delay fault or an erroneous 
logic value at primary outputs. In this paper, we show fault detectability 
and effectiveness of the proposed method by simulation-based and theoret-
ical analysis. We also expose that the method can be applicable to every 
fault location in a circuit and open faults with any value. Finally, we show 
ATPG results that are suitable to the proposed method.
key words: CMOS circuits, defect oriented testing, open faults, ramp volt-
age

1. Introduction

As the present deep-submicron VLSI operates under a low 
voltage supply and a high frequency, the influence caused 
by open faults becomes noticeable. Since present VLSIs are 
fabricated by using copper process technologies and multi-

ple metal layers, via open defects and contact open defects 
often occur [1], [2] . As a result, interconnect open faults 
occur, which means breaks of signal lines between gates. 
Therefore, detecting open faults is important for obtaining 
high reliable products. Note that it is said that the open 
fault in the source/drain terminal of a transistor (e.g. the 
stuck-open fault) can be detected by traditional two-pattern 
test [3], [4].

Application of logic testing (e.g., stuck-at faults test-
ing) to detect open faults is reported [5]-[8]. Especially, it 
is said that n-detection testing is useful for detecting open 
faults because it can apply n different test vectors for excit-
ing a fault and propagating its effect [9]. However, voltages 
of signal lines around the fault location depend on applied 
test vectors, and the voltage at the fault location depends 
on the balance of wire capacitances between the VDD and 
GND sides, and as a result, open fault detection by logic 
testing is difficult even if we use n-detection testing [10].
Thus, the open fault cannot be necessarily detected by tradi-
tional logic testing.

If a known voltage (logic value) can be compulsorily 
set to the fault location, fault detection by logic testing can 
be realized easily. Based on this motivation, we have pro-

posed a new method for detecting interconnect open faults

by applying ramp voltage to power supply terminals, where 
an initial voltage (initial logic value) at a fault location is au-
tomatically assigned when the ramp voltage is applied [11]. 
Note that Gyvez et. al. proposed a ramp voltage method for 
detecting faults in analog circuits by IDDQ testing [12]. The 
objective of their method is to change the states of transis-
tors and to obtain a current signature. In this sense, their 
situation for the ramp voltage application is different with 
us.

In this paper, we show fault detectability and effective-
ness of the proposed method by using simulation and the-
oretical analysis. We also expose that the method is appli-
cable for detecting interconnect open faults with any value. 
Finally, we show ATPG results that are suitable to our test-
ing method, where test generation is done so that the number 
of signal lines assigned logical values by a test vector is as 
smaller possible. Note that this paper does not target com-

plete interconnect open (floating gate) faults.
This paper is organized as follows. Section 2 describes 

a method for detecting interconnect open faults. Section 3 
shows effectiveness of the proposed method by using simu-
lation results and theoretical analysis. We also show ATPG 
results that are suitable to the proposed method in Sect. 4. 
Section 5 concludes this paper.

2. Preliminary

2.1 Interconnect Open Faults 

In this paper, we consider interconnect open faults between 
two gates as shown in Fig.1. In general, interconnect open 
faults are modeled by a RC circuit [13], [14], where Rf is an 
open resistance and Cw1 (Cw2) is a total wire capacitance 
between the signal line having an open fault and signal lines 
having the VDD (VSS) voltage. The value of Rf originates 
in a fault itself and values of Cw1 and Cw2 originate in de-
sign and technology. We call values of these Rf, Cw1 and

Fig.1 Open fault model and simulation circuit.
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Cw2 open fault values generically. In this paper, we show 
that our method is applicable to the open fault value of wide 
range. We use the circuit of Fig.1 for simulation; however, 
we show that the proposed method is applicable to general 
CMOS combinational circuits by using an equivalent cir-
cuit. Here, based on the fault location, G2 is called a div-
ing gate and G3 is called a driven gate. The inversion gate 
located in the odd (even) number counting from a primary 
input is called an odd (even) inversion gate.

Open faults may exist in the gate terminal of either 
nMOS or pMOS transistors, which result in a transistor-
interconnect open fault. We do not consider them in this 

paper; however, we obtained similar results for them if we 
used the proposed method [15].

2.2 Principle of Open Fault Detection

The difficultness of open fault detection by logic testing 
comes from assignment of a known voltage to the open fault 
location. In order to improve this problem, we have pro-

posed the following testing method (Fig.2 (a)) [11].

(1) All input terminals including power supply terminals 
of the circuit are set to the GND level (0 V) at time 0 

[t0] so that all internal nodes in the circuit can be set to 
the GND level.

(2) A positive ramp voltage with a certain slope is applied 
to the VDD terminal during the interval [t1, t2]. Logic 
0 is automatically applied to the fault location since 

primary inputs are still the GND level. This approach 
prevents to change rapidly the voltage of the open fault 
location. Determination of the slope of a ramp voltage 
is described in Sect. 3.2.

(3) After the node voltage fully settles down [t3], apply 
one test vector from primary inputs to change the logic 
value at the open fault location, propagate it to the pri-
mary output, and observe an output value at a predeter-
mined time [t4]. We can set time t3 to arbitrary time 
if we use a ramp voltage with an enough gentle slope 
as the VDD signal. We call the interval [t0, t3] an ini-
tializing interval. ATPG for the proposed method is 
described in Sect. 4.1.

(4) If the output value does not change within a specific 
time interval [t4], we find there is an open fault and fi-
nally, we can judge the CUT is faulty. Note that the 
specific interval usually corresponds to one clock pe-
riod of the at-speed of the circuit under test. We call 
the interval staring from [t3] a testing interval.

In the above procedure, if we apply a negative ramp 
voltage to the VSS terminal in the above step (2) as shown 
in Fig.2 (b), the initial value at the fault location is logic 1 
artd logic 0 for the testing interval. Therefore, our testing 
method can set both logic values as the initial value. 

Considering the above procedure, the equivalent cir-
cuit of Fig.1 is represented by the RC differential circuit 
of Fig.3 (a) when N1=VSS=GND and Vi(t)=(positive 
voltage). Here, if we apply the negative voltage to the VSS 
terminal (i.e., N1=VDD=GND, Vi(t)=(negative volt-
age)), the equivalent circuit becomes one of Fig.3 (b).

In the RC differential circuit of Fig.3 (a), the voltage 
of the N2 node, VN2, is expressed as follows if the ramp 
voltage, Vi(t)=kt and Vi(0)=0, is applied [16]:

VN2(t)=K・Cw1・Rf・(1-et/Rf(cw1+Cw2)) (1)

If the initial voltage of Vi(0) is V0, the VN2 voltage is given

(a) VDD application.  (b) VSS (-VDD) application.

Fig.2 Testing method.

(a) VDD application.  (b) VSS (-VDD) application.

Fig.3 Equivalent circuit during [t1, t2].
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Fig.4 Simulation results.

as follows:

(2)

Note that coefficient (Cw1/(Cw1+Cw2)) V0 of the right-

hand side of Eq. (2) results in VN2(t2) obtained from Eq. (1) 

because VN2(t) at t2 is given by Eq. (1) when t=t2. Here, 

the time constant ƒÑ of the differential circuits of Figs.3 (a) 

and 3 (b) is Rf (Cw1+Cw2).

Figure 4 shows simulation results of the faulty cir-

cuit of Fig.1 whose simulation conditions are as fol-

lows: (CMOS process)=TSMC-0.18ƒÊm (MOSIS), Rf=

100Mƒ¶, Cw1=16fF, Cw2=8fF. During the ramp volt-

age application [t1, t2], the voltage of the node N2 that is 

the fault location is relatively stable because all of internal 

nodes are set to the GND voltage. The bold line shows the 

result of theoretical analysis by using the circuit of Fig.3 (a) 

(i.e., result by Eqs. (1) and (2)), which agrees with that of 

the fault circuit. Then, this equivalent differential circuit is 

a reasonable model of the circuit with the open fault. In 

this simulation, although the circuit has approximately 2ƒÊs 

delay times, it functions normally.

The equivalent circuit of VDD (VSS) application for 

faults at even inversion gates corresponds to one of VSS 

(VDD) application for faults at odd inversion gates. There-

fore, the proposed method is applicable to open faults at ev-

ery location of CMOS combinational circuits.

3. Effectiveness of the Proposed Method

To verify the proposed method, we show results of circuit 

simulation and theoretical analysis of equivalent circuits, 

and expose that we can estimate electrical behaviors by a 

local circuit analysis. Table 1 shows simulation conditions, 

where we use the TSMC 0.18 ƒÊm technology [17]. Here, the 

wire capacitance of 8fF corresponds to a total wire capac-

itance between metal 6 of 20ƒÊm-length and 0.5ƒÊm-width 

and all other layers. In the following sections, we evaluate 

voltages of the open fault location, Vfmax (the maximum 

voltage of N2 at t2) and Vfmin (the minimum voltage of N2 

at t3), and the delay time for fault detection, tpd (the interval 

between 50% transition points of nodes IN and OUT) (see 

Fig.2 (a)).

3.1 Theoretical Analysis for Open Faults

Table 2 shows the relationship between the voltage applica-

Table 1 Simulation conditions.

tion and the wire capacitance for several Rf values. A test 

that makes the voltage of the fault location stable is suitable 

in the proposed method. From Eq. (1) and simulation re-

sults, we find that the N2 voltage is proportional to Cw1 if 

the slope is constant for the positive power supply applica-

tion. For the negative power supply application, the opposite 

phenomena occur because the equivalent circuit is denoted 

by the circuit of Fig.3 (b) (i.e., the role of Cw1 and Cw2 is 

exchanged). In addition, results of Table 2 also correspond 

to those of the VSS application for faults at odd inversion 

gates because of the relationship between equivalent circuits 

of Fig.3. From these facts, the following test is proper to 

achieve our objective.

(a) For the fault at the even inversion gate, we need to 

use the positive (negative) power supply application if 

Cw1<Cw2(Cw1>Cw2) (e.g., simulation no.S1).

(b) For the fault at the odd inversion gate, we need to 

use the negative (positive) power supply application if 

Cw1<Cw2(Cw1>Cw2).

If load capacitances of the driven gate have an enough 

impact for wire capacitances at the fault location, their ef-

fects appear for the voltage at the fault location and the de-

lay time at the primary output. In the simulation S2 (S3), 

transistor sizes of the driven gate G3 are 5(10) times of 

those of the typical gate. From these results (i.e., the col-

umn of •gTheory of w/o CL•h), N2 voltages and propagation 

delays depend on not only open fault values but also driven 

gate sizes. In the rest of the paper, we take the load capac-

itance of the driven gate into account in theoretical circuit 

analysis. Since a faulty circuit can be modeled by the RC 

circuit of Fig.3 (a), wire capacitances of Cw1 and Cw2 can 

be rewritten as follows: 

Cw1•©Cw1+CLp, Cw2•©Cw2+CLn

Here, the load capacitance of a transistor consists of the dif-

fusion capacitance and the gate capacitance whose values 

depend on a transistor's operation. For the simple discus-

sion, we consider worst values of load capacitances; for 

instance, CLp=7.73fF and CLn=2.50fF for the typ-

ical gate size. Therefore, theoretical VN2 values obtained 

from the equivalent circuit show worst values compared 

with those of simulation results (i.e., actual values are within 

the safety side). As shown in the column of •gTheory with 

CL•h on Table 2, results of the theoretical analysis consider-

ing the load capacitance agree well with those of the SPICE 

simulation even if the value of Rf is small (simulation no.S4
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Table 2 Results of circuit simulation and theoretical analysis.

and S5), where their differences are within 3.3% for Vfmax 

and Vfmin.

By using our testing method, the delay time caused by a 

fault is proportion in the time constant because the intercon-

nect open fault is modeled by the RC difference circuit and 

its time constant is Rf (Cw1+Cw2). Then, in the theoretical 

analysis by the RC difference circuit, the delay time is pro-

portion in the time to reach the voltage of 50% of VDD at 

the fault location. We can also estimate that the delay time 

is 0.69ƒÑ where the fault has the time constant ƒÑ. The tpd 

column of •gTheory•h in Table 2 shows calculation results, 

where those values are almost consistent with simulation re-

sults (Their differences are within 8.4%).

3.2 Application to Various Open Fault Value

According to Eq. (1), since the voltage of N2 is mainly in 

proportion to both k and Cw1 Rf, we can estimate the volt-

age change of the fault location N2 as follows: Since the 

N2 voltage is easy to rise as Cw1 Rf becomes larger, to pre-

vent the voltage rising of N2, it is necessary to apply a ramp 

voltage with a small k (i.e., a ramp voltage with a gentle 

slope). If we can determine the maximum value of Cw1 Rf 

to be detected in advance, we can set the slope k to prevent 

voltage rising at the fault location. Therefore, determination 

of k depends on the maximum value of the open fault to be 

detected.

For instance, if we assume that Vfmax is almost the 

same even if an open fault value is changed, we can calcu-

late the slope k of a fault with (Rf, Cw1, Cw2) for the given 

standard values (k0, t0, Rf0, Cw10, Cw20) as follows:

(3)

(4)

(5)

Table 3 shows those calculation and simulation results

Table 3 Calculation of ramp voltage slope.

for the standard Vfmax (indicated by #), where we can ob-
tain almost the same Vfmax value for several parameters. 
Note that calculation results obtained from the above equa-
tions give approximate estimates because Eq. (1) represents 
the response of the equivalent circuit and load capacitances 
of the driven gate vary with transistor's operation. Since the 
value of the exp function of Eq. (1) becomes larger as the 
Cw2 value becomes larger, Vfmax becomes smaller. Then, 
we can set the VN2 value to a safety side.

On the other hand, if an open fault value is small, the 
delay time tpd by the fault is also small because the time 
constant of the fault is Rf(Cw1+Cw2). If we wish to detect 
a fault with a small fault value, we need to set the observa-
tion time at the primary output to the minimum estimated 
delay time caused by an assuming fault and the minimum 
measurable value by an instrument. Therefore, the observa-
tion time at the primary output corresponds to the minimum 
value of a fault to be detected.

From these discussions, our testing method can apply 
to interconnect open faults with values of wide range by ad-

justing the slope k of the ramp voltage and observation time 
t4 at the primary output.

4. Test Vectors and Related Phenomena

4.1 ATPG Results

In the proposed method, an initial logic value at a fault lo-
cation is automatically assigned when a ramp voltage is ap-
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plied. Then, only one test vector is needed, which has to 

assign a complementally logical value to the fault location 

and propagate it to the primary output. Therefore, test gen-

eration algorithm is just the same as that for stuck-at faults. 

For the proposed testing method, it is desirable that wire ca-

pacitances, Cw1 and Cw2, around a fault location are almost 

constant during the testing interval. In order to achieve this 

purpose, we generate test vectors so that the number of sig-

nal lines whose logical values are assigned by a test vector 

is as small as possible (i.e., the number of signal lines with 

don't care (X) values is as larger as possible).

Table 4 shows results of such test generation based on 

the PODEM algorithm where we can obtain the fault effi-

ciency of 100% for every circuit. The column •gPODEM•h 

shows ATPG results by the original PODEM algorithm. 

From the most left column, the table shows the number 

of test vectors and the average value, maximum value, and 

minimum value of the number of signal lines with speci-

fied logical values. The column •gProposed•h shows ATPG 

results by the proposed method (modified PODEM algo-

rithm). For both methods, don't care at primary inputs (un-

specified PIs) after generating a test vector remains. In ad-

dition to this, for the proposed method, a path selection in 

the backward/propagation operation is carried out so that the 

number of signal lines that is assigned logical values by a 

test vectors is much smaller than possible.

We use the following heuristic measurement for the 

path selection. Assume that a present tracing gate during 

the backward/propagation operation is Gp. Let {G1, G2, 

..., Gn} be a set of gates feeding/connecting to the gate Gp. 

Lv(G) denotes a level of a gate G (i.e., the maximum num-

ber of stages from PI to G (from G to PO for the propa-

gation operation)), and In(G) denotes the number of input 

lines of G that we must assign logical values for the back-

ward/propagation operation. We select a gate to minimize 

the value S (Gi) of the following equation.

S(Gi)=In(Gi)/L
v(GP)-Lv(Ci),(1≦i≦n) (6)

By using the equation, we can select a partial path that can 

minimize the number of lines with specified logical values.
Although the number of test vectors by the proposed 

ATPG method increases by approximately 46.5% than that

of the original PODEM on the average, the number of lines 
with don't care increases by approximately 27.3%. There-
fore, we can stabilize the wire capacitances around'the fault 
location if we use the test vectors generated by the proposed 
method.

We compared our ATPG results with those of Ref. [18] 
that regenerates test vectors with don't care primary inputs 
as many as possible for a given uncompacted test set. Al-
though the number of tests is small, the number of lines 
with signal values is large. There is the trade-off between 
the number of test vectors and the number of signal lines 
with specified values. Therefore, we need to find optimum 
their values from the viewpoint of a testing cost.

4.2 Effect of Change in Wire Capacitances

Even if we use test vectors described the above, signal val-
ues around the fault location will change after a test vector 
is applied. In this situation, we can consider the following 
condition for applying a test vector at time t3 (see. Fig.2). 
Note that the total wire capacitance, Cw1+Cw2, around 
any signal line never changes because circuit design does 
not change.

Cw1←Cw1± ΔCw, Cw2←Cw2+ΔCw,

Cw1+Cwt=constant

When a test vector is, applied and voltages of sig-
nal lines around a fault location change, the faulty cir-
cuit behaves like a step-voltage application. According to 
Eq. (2), the voltage at the fault location is in proportion to 
Cw1/(Cw1+Cw2) mainly. Therefore, the voltage at the 
fault location becomes higher (lower) for the VDD applica-
tion as Cw1 (Cw2) is larger, and as a result, the delay time 
caused by the fault becomes shorter (longer) compared with 
unchanged wire capacitances. We can obtain the opposite 
relationship for the VSS application.

Table 5 shows simulation results when wire capaci-
tances change at time t3. The VDD (VSS) application is 
better for Cw1<Cw2 (Cw1>Cw2) (indicated by # 
in Table 5). However, if the wire capacitances, Cw1 and 
Cw2, change when the test vector is applied, and the de-
lay time decrease, then the other test type is appropriate for

Table 4 Evaluation of the number of signal limes with specified values.

* Fault efficiency=100%
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Table 5 Results in change of wire capacitance.

such a case. For example, the VDD application is better 

for (Cw1, Cw2)=(8fF, 80fF). If (Cw1, Cw2) changes to 

(80fF, 8fF) for applying the test vector, the delay time, tpd, 

becomes shorter from 6.72ƒÊs to 0.022ƒÊs. In this case, the 

VSS application is better because the final values of wire ca-

pacitances after the test vector application are (80fF, 8fF). 

From the above discussion, two methods of the voltage ap-

plication, VDD application and VSS application, give good 

results even if the wire capacitances around the fault loca-

tion change.

5. Conclusion

We proposed ramp voltage testing to detect interconnect 

open faults. It can detect the open faults as a logic error 

(or a signal delay) and requires only one test vector. This 

paper showed that the proposed method could apply to ev-

ery fault location and to open faults with any value. Since 

the behavior of the faulty circuit can be modeled by the RC 

differential circuit if we use the proposed method, we can es-

timate electrical behaviors by using a local circuitry around 

a fault location. Finally, we showed test generation results 

that are suitable for the proposed method and are achieved 

by the ATPG algorithm similar with stuck-at faults. The 

proposed method may be costly since it requires ramp volt-

age application. However, we consider that application to 

specific locations, for instance, where we surely guarantee 

fault-free function, is possible and realistic. Besides, the 

proposed method can be used for fault analysis and fault 

diagnosis that are inherently costly. In order to show practi-

cality, we further apply the proposed method to a real chip 

and examine it for other open fault models.
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