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Abstract: Testing of integrated circuits (ICs) is always a challenge because the continuous miniaturiza-
tion process and consequently increase of transistor density in microelectronic industry. Nowadays, the
industry has to handle with defects that traditional testing approaches can not detect. The result of
this imprecise testing process is the increase number of defective ICs that reach the end consumer. To
improve the quality of IC testing, a new approach of fault modeling is being adopted which is not based
on transistor or logic gate level, but in the IC layout perspective itself. This paper describes the mean-
ing of testing based on layout perspective, particularly, Cell-Aware Testing (CAT) methodology, and a
practical approach to obtain the matrix of defects, in which is the set of test patterns to each modelled
fault coming from CAT, and that is the CAT’s main result. Experimental simulation results show the
matrix of defects obtained for a specific standard cell that can be immediately used by an ATPG.
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1 Introduction To face such a problem a new fault modeling
approach based on the IC layout perspective [4]
Throughout the fabrication process of integrated has been studied which is not based on IC gate-
circuits (ICs), physical defects like opens, shorts level or transistor-level, as traditional ones, but
and bridges can occur. To identify and detect on the actual layout of the IC under test [5,6].
such defects, fault models have been proposed
since it is very difficult to detect all kind and vari- Take in consideration digital IC testing and,
ations of actual physical defects. Fault models like particularly, test of standard cell library based
stuck-at [1], bridging [2] and transition delay [3] ICs, which are based on predefined layout cells
are the most well-known fault models and have in order to ease the process of automated digital
been used as classical models of IC testing mainly IC development, the traditional gate-level based
because their effectiveness and their technology testing tools are not capable to detect all kind
independence. However, because the continuous of cell-internal defects since they focus on ex-
miniaturization process and consequently increase ternal responses out of the specific cell, specifi-
of transistor density in microelectronic industry, cally, on gate interconnections. Additional, tra-
testing of current ICs is turn to be more challenge ditional fault modeling approaches do not con-
and the industry has to handle with defects that sider analog simulations based on SPICE netlist
traditional testing approaches can not detect. In and parasitic components [7]. Furthermore, some
this way, defectives ICs are passing unnoticed in approaches model physical defects on transistor
tests and the result of this imprecise testing pro- level by means of SPICE simulations but with-
cess is an increase of the number of defective ICs out considering parasitic objects [8], [9] and are
that reach the end consumer. ineffective when dealing with millions of transis-
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tors [10,11]. In general, traditional testing tools
do not show how low-level defect information can
be used to achieve better and high efficient fault
models [7].

In other hand, it is clear that if the fault
model considers the IC layout rather than only
gate or transistor circuit diagram more accurate
must be the testing process. For example, in
Fig. 1 there are three defects (circles) that could
cause some fault, but only one causes a actual
fault: the one that connects two nets causing
a short [12]. Probably, this fault-causing defect
must be detected by traditional gate-level based
testing tools. However, the two non-fault-causing
defects shown in Fig. 1, even though do not cause
a short, can lead to defective circuit since they
can change the capacitances between the respec-
tive nets causing dynamic errors.

Non-short fault

Short Fault

Figure 1: Defect and fault in a layout.

A state-of-the-art methodology that considers
IC layout perspective is the Cell-Aware Test
(CAT) that deals with IC post-layout transistor-
level netlist including its parasitic components [7]
which claims to be a defect-based methodology
that targets layouts with multimillion transistors.
The CAT methodology takes advantages of the
transistors and parasitic components from the IC
netlist and from IC layout to obtain a more com-
prehensive fault models [7].

In this work, take in consideration a given
standard cell layout, a proposed and simple fault
injection circuit (emulating fault-causing defects)
is used to obtain the defect matrix (i.e., the map-
ping between defects and the possible test pat-
terns that detect each of them) to be used in CAT-
based defect simulation.

Another contribution of this paper is that all
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simulations were doing on a tool different from
the tool that the original CAT methodology was
based [4,5,6,7,13], that is, Mentor Graphics. Ca-
dence was used instead.

In this paper, Section 2 describes the CAT
methodology. In Section 3, it is proposed a way
in order to obtain the defect matrix and the com-
plete IC defect matrix in shown in Section 4. Sec-
tion 5 concludes the paper.

2 Cell-Aware Test

This section described a new defect-oriented
methodology, called Cell-Aware Test (CAT) [4].
As shown in Fig. 2, the CAT flowchart starts with
the layout extraction step, which reads the cell
layout data file (called F1) of an individual li-
brary cell and creates a SPICE transistor netlist
including parasitic elements like resistors and ca-
pacitors [7]. These SPICE parasitic netlist infor-
mation is stored in a file called F2.

Next, an analog simulation step takes place
in the CAT flow. In this step, from the SPICE
netlist file F2, it is chosen some prone-to-fault
parasitic components to be considered defects and
these considered defects are stored in file F3. Ad-
ditionally, transistor faults like stuck-open and
stuck-on are also stored in file F3. Each defect
in F3 is single simulated [7].

As an example, Fig. 3 shows a layout of a
multiplexer (MUX 31X4) where it can been seen
its inputs (D0, D1 and D2), its selection inputs
(S0 and S1), and its output (Z). Take this MUX
in consideration, a list of possible considered de-
fects as stored in F3 can seen in Fig. 4 where 48
defects have been considered and d; is a particular
defect of the MUX.

From the list of MUX potential defects stored
in F3, it was derived 48 additional netlists, each
one from a considered defect, and an additional
one from the golden netlist [4]. Knowing this,
each one from these 49 netlists is simulated ap-
plying all possible inputs to the circuit (namely,
2° inputs). The output responses are processed
and stored in the defect matrix file (called F4), as
shown in Fig. 2. At the end, the output responses
in F4 are used to compute the fault coverage and
the Cell-Aware Model (CAM) in file F5. For each
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Figure 2: Cell-Aware methodology flow.
Input | dl [ d2|d3 | d4 d4l | d42 [ d43 | d44 | d45 | d46 | d47 | d48
00000 [ - - - - - - - D - Z - z
00001 [ D | D | - | - D|D|D]| - |D]|D -
00010 | - - - - - - _ D Z D ~
00011 | - D - - D D - D - =
00100 | - - - - z . D 8} - —
00101 | D - - - D D D - - D =
oo110 | - - - - - - - D D D -
00111 | - - - - D = D - - - _
01000 | - - - = - - D - - D
T[] (O] -1-T-T-T-T-T1-]

Figure 3: Layout of a MUX31X4.

defect, file F5 contains the obtained defect ma-
trix that store all input conditions for detecting
the corresponding defect [4].

dl = SON, gnd d17 = DO, gnd d33 = net38, D1
d2 = SIN, gnd d18 = vdd, gnd | d34 = net81, DO
d3 = net65, gnd | d19 = Z, net65 d35 = net38, DO
d4 = net57, gnd | d20 = S1, SON | d36 = S1, SO

d5 = netl9, gnd | d21 = SIN, S1 d37 = D2, 51

d6 = net81, gnd | d22 = net65, S1 | d38 = S0, D1

d7 = net38, gnd | d23 = SON, S0 | d39 = vdd, SON
d8 = net85, gnd | d24 = net81, S1 | d40 = vdd, SIN
d9 = net35, gnd | d25 = S1, netd8 | d41 = vdd, net65
d10 = net31, gnd | d26 = D2, SIN | d42 = D0, SO
d11 = net69, gnd | d27 = net81, DO | d43 = net38, vdd
d12 = Z, gnd d28 = net65, D2 | d44 = vdd, Z
d13 = S1, gnd d29 = net38, S0 | d45 = vdd, S1
d14 = S0, gnd d30 = SON, D1 | d46 = vdd, SO
d15 = D2, gnd d31 = net81, D1 | d47 = vdd, D2
d16 = D1, gnd d32 = SON, D0 | d48 = vdd, D1

Figure 4: Defect list extracted from multiplexer
CAT layout.
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Figure 5: Defect matrix example.

As shown in Fig. 5, the first column of the
resulted defect matrix shows the circuit inputs
(D0,D1, and D2, SO and S1) and its other
columns show the result of each considered de-
fect. The rows mean that when a given circuit in-
put generates a resulting output that is different
from the golden response, the column-labeled re-
spective defect is detected and 'D’ is shown on the
respective entry. For example, only input ‘00000’
detects the defect d44.

3 Proposal of a Defect Insertion
Circuit

All schematics, layouts, simulations and results
have been created and obtained in Cadence. One
of the reasons of those steps is to simulate our pro-
posal on defect insertion using a simple scheme of
switching, in which is used to insert defects in the
simulated circuit and turn it into failed one. The
switching circuit works injects defects in circuit
schematic, one defect per time, in order to see how
this defect injection affects the circuit response.
For example, from the defect list shown in
Fig. 4, the defect d48 can be injected using the
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proposed defect injection circuit shown in Fig. 6.
In this example, a short between input D1 is
shorted to VCC that correspond to the injection
of defect d48.

Figure 6: Defect insertion with keys.

In Fig. 7, it is shown all the 48 switching cir-
cuit, each representing the 48 possible defects,
given from CAT, in the circuit. Such switching
circuit proposal has the advantage of simulating
all faults in the same time and obtain the re-
sponses in order to compare with the gold one.

Figure 7: MUX schematic with Complete Fault
Injection.
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4 Simulation Results

4.1 Computation of the Defect Matrix

In order to obtain the Defect Matrix of a given
digital cell, it was simulated a multiplexer with 3
inputs (D0, D1, D2), 2 selectors (S0, 51, 52) and
the output Z, the same considered in [7] and its 48
defects. The schematic is made of only transistors
(pfets and nfets), as can be seen in Fig.8.

Figure 8: Schematic of a multiplexer.

4.2 Defect-free circuit

The first step of the simulation was to insert all
the 32 possible inputs, (00000 — 11111) into the
defect-free circuit to obtain the golden output.

Fig. 9 shows the waveform of the inputs and
selection signal. The first waveform, S0 has a pe-
riod of 10us, the second waveform, S1 has a pe-
riod of 20us, the third waveform, D0 has a period
of 40us, the fourth waveform, D1 has a period of
80us and the fifth one, D2 has a period of 160us.
It can be observed that in every 5us an input
is applied. For example, in the first bus of all
waveforms there is a logic level '0/, so the input is
'00000’. In the second input, we have ‘00001" and
so on until "11111".

After a 160us simulation, it is obtained the
first output sequence, which is the golden output,
as can seen in Fig. 10. In the simulation, the high
level is Vidd = 5V and the low level is Vss = 0V.

4.3 Results with Defective circuit

In order to simulate defects, each defect from the
defect list shown in Fig. 4 is modelled as a short
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Figure 9: Multiplexer input.

Figure 10: Multiplexer golden output.

or precisely a low-valued resistive bridge using the
swithing circuit.

In this way, it was simulated 48 short defects
using the proposed defect injection circuit shown
in Fig. 6.

It was need 160us to insert all 32 possible
inputs to each injected defect. At the first 160us
the defect d1 was injected. From 160us to 320us,
the d2 was inserted, and so on until the last one,
which was the defect d48. In total, it was achieved
160us x 48 (defects) = 7680us as simulation time
consumption.

As an example, the output response of the
injection of defect d48 is shown in Fig. 11.

Figure 11: Output with d48 defect.

Finally, with all the inputs and defects in-
serted, the complete defect matrix can be ob-
tained.

The complete defect matrix for the multi-
plexer is the one with all the possible inputs in
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the column, all the defects that are extracted from
the layout in the rows. When an input into the
circuit produces an output response that is differ-
ent from the golden one, this input detected such
a defect. When it occurs, a ’D’ is placed in the
defect matrix.

In Fig. 12, it is shown the complete matrix
obtained with the simulations from Cadence. It
was considered a threshold value higher than 50%
of VDD to be considered undefined. For exam-
ple, if the response expected was 5V (high logical
level), and the response was 2.5V, we considered
the output undefined *U”.

These results was compared with the defect
matrix obtained from CAT [4] and the obtained
defect matrix shows the same results with the
same inputs.

5 Conclusion

In this paper, it was described the new approach
of integrated circuit fault modeling that is based
on the its layout perspective. It was addressed the
Cell-Aware Testing methodology and the descrip-
tion of a proposed simple switching circuit used
to inject defects from CAT. Experimental simula-
tion results show the applicability of the proposed
circuit.
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