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Abstract—A novel integrated approach for delay-fault testing
in external (automatic-test-equipment-based) and test-per-scan
built-in self-test (BIST) using on-die delay sensing and test
point insertion is proposed. A robust, low-overhead, and process-
tolerant on-chip delay-sensing circuit is designed for this purpose.
An algorithm is also developed to judiciously insert delay-sensor
circuits at the internal nodes of logic blocks for improving delay-
fault coverage with little or no impact on the critical-path delay.
The proposed delay-fault testing approach is verified for tran-
sition- and segment-delay-fault models. Experimental results for
external testing (BIST) show up to 31% (30%) improvement in
fault coverage and up to 67.5% (85.5%) reduction in test length
for transition faults. An increase in the number of robustly de-
tectable critical-path segments of up to 54% and a reduction in
test length for the segment-delay-fault model of up to 76% were
also observed. The delay and area overhead due to insertion of
the delay-sensing hardware have been limited to 2% and 4%,
respectively.

Index Terms—Built-in delay sensor (BIDS), built-in self-test
(BIST), delay fault testing, segment delay fault, test point inser-
tion, transition delay fault.

I. INTRODUCTION

SHRINKING transistor geometries have resulted not only
in an increased frequency of operation but also in an

increased process parameter variation. This has posed serious
challenges to traditional testing methodologies [1]. At-speed
transition-delay-fault testing has become a necessity for high-
performance circuits. Scan architectures provide an efficient
way to test for delay faults with reasonably high fault coverage.
Both external [automatic test equipment (ATE)-based] and
built-in self-test (BIST) architectures are popularly used [2].
However, both of these approaches have their own limitations
when applied to delay-fault testing. For example, ATE may
suffer from: 1) longer test time and storage requirement because
it may involve application of two patterns and 2) high cost. A
BIST, on the other hand, offers a simple and relatively low cost
solution for delay testing. However, BIST circuitry also suffers
from limitations: 1) Weighted random patterns applied in BIST
usually require a longer test length than the deterministic case
for similar coverage. 2) An increase in test time translates to
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a corresponding increase in energy dissipation during testing,
affecting battery life mainly in handheld devices that employ
periodic self-test.

Therefore, it is important to explore new techniques for test-
time reduction in ATE and BIST without losing the coverage.
One of the effective solutions is test point insertion (TPI) for
improving the controllability and observability of the internal
nodes of a circuit [3]. TPI for stuck-at faults in scan-based BIST
has been explored extensively [4], [5]. However, very little
work has been reported on delay fault coverage improvement
using observable TPI. The primary reason is the unavailability
of a delay-sensing hardware that can act as an observation
point for the intermediate nodes. An analog time-to-voltage
converter (TVC) with a resolution of 0.5 ns has been proposed
in [6] for applications in high-energy physics experiments. A
path delay fault testing methodology using TPI and succes-
sive test clock trimming for BIST is presented in [7]. An
automatic test pattern generator (ATPG)-based TPI technique
for enhancing the delay fault coverage by breaking the shift
dependence using dummy flip-flop (FF) and combinational gate
insertion is proposed in [8]. In [9], FFs have been used as
observation points for scan-based BIST. However, for delay
measurement, this technique may require generation of separate
delayed clocks, which comes at the cost of considerably large
area/power/design overhead.

A delay-sensor logic, on the other hand, is a pragmatic
solution to the delay testing problem because it can sense the
delay at the observation points and detect gross and distributed
delay defects. Several delay-sensor circuits have also been
proposed recently [10], [11]. However, implications to delay
fault coverage have not been studied.

To the best of our knowledge, there is no previous work that
attempts to improve transition- [1] and segment-delay-fault [12]
test coverage and/or test-size reduction using on-chip delay-
sensing hardware. Here, we present an integrated approach that
uses process-tolerant delay-sensing hardware at points where a
significant improvement in coverage and test set reduction is
attained. We have applied our approach to a set of ISCAS’89
benchmarks for transition and segment delay faults. The results
show significant improvements in fault coverage with small
delay and area penalty. Note that the proposed methodology
can be used in a go/no-go test where the failing chips can either
be discarded or tested for the next lower speed bin.

This paper makes several contributions. We propose:

1) a novel low-overhead built-in delay sensor (BIDS) that
can detect delay failures at the internal nodes; it is robust
with respect to glitch and can be easily calibrated for
process variation;
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Fig. 1. (a) Delay sensing scheme (X is the node to be probed). (b) Timing
diagram of the circuit.

2) a TPI algorithm that can identify the strategic nodes
where the BIDS can be inserted to increase the fault
coverage or reduce the test application time;

3) a complete transition- and segment-delay-fault test
methodology, with capabilities of fault detection and
localization, that is compatible with both ATE and BIST
architectures.

The rest of this paper is organized as follows: Section II
presents the proposed delay sensor and discusses several design
issues. Section III presents a complete test architecture and test
application procedure using BIDS. Section IV describes a low-
complexity probe-point-insertion algorithm. Section V presents
and analyzes the results for both external testing and BIST, and
Section VI concludes this paper.

II. DELAY-SENSOR HARDWARE

A. Principle of Operation

Before going into the detailed description of the delay-sensor
hardware, it will be worthwhile to mention the principle of op-
eration of the BIDS. Let us assume a combinational logic block
with a state input coming from flip-flop FF1 and the output
going to FF2 [Fig. 1(a)]. Let us assume that node X makes a
falling transition from “1” to “0” and TD is the time interval
between the rising clock edge and the time when the voltage at
node X makes a falling transition [Fig. 1(b)]. Let us assume that
the maximum delay that can be tolerated at node X is TMAX;
hence, TD > TMAX would mean a delay failure at node X.

We propose the system illustrated in Fig. 1(a) for estimating
the delay TD. A sawtooth generator is so designed that the
sawtooth waveform is extracted from the reference clock itself,
and it has a pulse duration equal to the time period (T ) of the
reference clock. The output of the sawtooth generator goes
into a track-and-hold (TAH) circuit, and the sampling switch
of the TAH is controlled by the observation node X. As long
as node X is high, the TAH switch is ON, and the output of
the TAH tracks the sawtooth waveform. When X makes a
falling transition, it turns the TAH switch OFF, and the output
capacitor of the TAH holds its value (say, VTAH).

The greater the delay TD, the lower the VTAH. The com-
parator evaluates at the next clock cycle when the comparator
enable (CE) signal goes high [Fig. 1(b)]. The reference voltage
VREF of the comparator is a measure of the maximum tolerable

Fig. 2. (a) Schematic diagram of the sawtooth generator. (b) Schematic
diagram of the TAH circuit.

delay TMAX of node X. The details of its derivation and imple-
mentation will be discussed subsequently. For the observation
node X to meet its predefined delay criteria, we require

VREF <= VTAH. (1)

When (1) is true, the comparator output becomes “1.” Note
that although we have discussed the case when X makes a
falling transition, the same circuit can be used when X makes
a rising transition with minor modifications (as discussed in
Section III).

B. Design of the Individual BIDS Blocks

Sawtooth Generator: The sawtooth generator [Fig. 2(a)] is
based on the principle of constant current discharge. A T flip-
flop is used to generate a clock CLK_2T with a period equal
to twice the period of the reference system clock. Consider
that the node OUT in Fig. 2(a) is precharged to VDD when
CLK_2T is low. When CLK_2T goes high (CLK_2TZ goes
low), the constant supply voltage VDD provides a constant
current through the n-channel MOS (NMOS) M1. This current
discharges capacitor C linearly as long as M1 is in saturation.
During this phase, the p-channel MOS (PMOS) M2 remains
OFF, and the output node shows a linearly falling waveform.
At the end of the clock period, the CLK_2TZ signal goes high.
This creates a low resistive path across the capacitor through
M2 and thus helps to charge OUT back to VDD.

The gate voltage Vbias of M1 provides the required current
in the saturation region. The discharge is linear (ignoring early
effect [13]) as long as M1 is in the saturation region. Hence,
we require Vds >= Vbias − Vt. To ensure this, the output node
is allowed to discharge until VOL = Vbias − Vt (chosen to be
250 mV, in this case) in a single clock period. To adjust Vbias,
a leakage sensor can be placed close to the bias generator.
The output of the leakage sensor will represent the Vt shift
of the discharging transistor. Depending on the leakage output
of the leakage sensor, Vbias can be adjusted to obtain the desired
discharging current.
TAH Network: The TAH network for the circuit is a

complementary-pass transistor switch with a capacitive load
[Fig. 2(b)]. The voltage at observation point X is the input
signal S to the TAH. As long as S is high, it will charge
capacitor CHOLD. To discharge CHOLD, an NMOS switch
triggered by a RESET signal is used in parallel. The RESET
pulse is generated after the comparison between VREF and
VTAH has been made. A delayed CE signal can be used as a
RESET pulse to discharge CHOLD. It is also worth mentioning
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Fig. 3. (a) Schematic diagram of the comparator. (b) Schematic diagram of
the reference voltage generator.

that the sampling switch has been made a complementary one
to avoid charge injection and clock feed-through [14].
Comparator: The value of the signal at node TAH_OUT

goes into the comparator input. The comparator used here is
a latch-based sense amplifier, as illustrated in Fig. 3(a). After
the TAH phase, CE goes high, and the output of the comparator
is noted in the next clock cycle.
Generation of Reference Voltages: The reference voltage

VREF, which is an input to the comparator stage, must match
with the required delay specification. Considering a linearly
falling sawtooth waveform, the relationship between the refer-
ence voltage and the allowed delay is given by

VREF = VDD

(
1 − TD

T

)
+ VOL

TD

T
(2)

where T is the clock period. In the proposed BIDS, the stable
voltage references VREFs for the BIDS have been designed
[Fig. 3(b)] based on the design of sub-1-V bandgap reference
voltage [15]. The operational amplifier equalizes the voltage
between nodes A and B. Hence, all the PMOS transistors
at the top have the same Vgs; hence, they mirror the same
current, i.e.,

I1 = I2 = IREF1 = IREF2 = · · · . (3)

Let Vd be the voltage across diode D1. It has a negative
temperature coefficient. dV is the voltage difference between
diodes D1 and D2 (of area N times that of D1); hence,
dV = VT ln(N), where VT is the thermal voltage that has
a positive temperature coefficient. The total current I2 is
given by

I2 =
VB

R
+
dV

R1
=
Vd

R
+
dV

R1
. (4)

Due to the current mirror, the same current is pumped into the
reference voltage generator arm. The output reference voltage
of the ith arm is thus

VREF = RREF

(
Vd

R
+
VT ln(N)
R1

)
. (5)

N is chosen such that the net temperature coefficient is
zero. Note that any voltage can be generated by changing the
value of RREF. Several different arms have been shown in

Fig. 4. Spice simulation showing that the proposed BIDS can work even under
a glitch in the net to be probed.

the circuit. Furthermore, the output voltage is not dependent
on the transistor parameters. Therefore, even under die-to-die
parameter variations, the reference generator delivers a stable
reference voltage.

It can be mentioned that the bandgap reference usually forms
an integral part of all mixed-signal and digital circuits. We can
use the bandgap reference already present in the circuit, and
we can add the reference generator arms to it to obtain a wide
range of temperature-insensitive and stable voltage references.
This reference generator can be shared by all the BIDS present
in the circuit.
Impact of Process Variation and Input Glitch: It has been

mentioned that we generate process-variation-tolerant reference
voltages using a modified bandgap reference. The other impor-
tant BIDS block that can be affected by process variation is
the sawtooth generator. Process variation changes the discharge
rate of capacitor C and hence, impacts VOL and the choice of
VREF. To compensate for this, we propose an initial calibration
cycle where capacitor C (which is a metal capacitor) is trimmed
(using programmable capacitor arrays, PCAs), depending on
the process corner. This would ensure a linear discharge from
VDD to VOL across all dies. The value of the capacitors in
PCA for a chip can be determined in two steps, namely:
1) replicating a large capacitor Cnom on the chip and measuring
its value Cmeas using an external resistor (by finding the pole
of RC circuit) and 2) scaling the capacitors in PCA by a factor
of α, where α = Cmeas/Cnom. However, this method may not
be accurate because of the presence of a large pin capacitance,
and one may consider using laser trimming for better accuracy.

Since most of modern-day processors do contain analog
circuits, it can be expected that the process is able to handle the
metal capacitors. However, in case of process incompatibility a
MOS capacitor can be used instead at the cost of poor linearity
of the circuit. The TAH circuit is a transmission gate with large-
sized transistors. Hence, process variation cannot considerably
impact the functionality or performance of this block. Finally,
the comparator is differential in nature, and die-to-die variation
cannot impact its functionality. Furthermore, latch-based com-
parators, which are tolerant to within-die variation, have been
reported in [16] and studied in the design of proposed BIDS.
We have also studied the effect of glitch [13] in the node to be
probed. It can be noted that the TAH follows the sawtooth once
the glitch dies and holds the value only at the last transition
(Fig. 4). Thus, the proposed BIDS is robust with respect to
glitches.
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Fig. 5. Schematic diagram for sensing both the rise and fall transition delays
at a node using BIDS.

Delay Sensitivity of BIDS: The delay sensitivity of the pro-
posed BIDS is mainly determined by two factors: 1) TAH offset
δv1 and 2) comparator offset δv2. Therefore, the worst case
sensitivity is determined by δv = δv1 + δv2. The typical value
of δv is found to be 50 mV in our case. For a voltage swing
of 1.4 V, the delay resolution turns out to be T/(1.4/0.05) =
T/28, where T is the time period of the clock. The sensitivity
can be modified by tuning δv1 and/or δv2 using offset compen-
sation techniques in the design of comparator and TAH.

Note that the basic principle of operation of BIDS is very
similar to the TVC method proposed in [6]. In TVC, the
capacitor charges between the START and STOP pulses; thus,
the time interval between START and STOP is converted to the
voltage of a capacitor. In BIDS, the delay is first converted to
a voltage and then compared against the voltage corresponding
to the expected delay. However, the following differences with
TVC can be noted: 1) The operation of TVC needs a width
generator to convert the START and STOP pulses to appropriate
voltages for controlling the charging of capacitor. On the other
hand, BIDS does not require generation of control voltages.
The discharging of CHOLD starts with the sawtooth and stops
with the rising/falling signal at the node to be probed. 2) The
minimum measurable time by TVC is 5 ns, whereas it is
T/28 ns in case of BIDS. The maximum measurable time of
BIDS is limited by the clock period. Furthermore, the resolution
of BIDS (i.e., T/28) can be much better than TVC resolution,
which is reported to be 0.4 ns. 3) The TVC is affected by
parasitic capacitances that create transients and degrade the lin-
earity of the capacitor charging. BIDS; on the other hand, it can
function correctly even under glitch. 4) The effect of process
variation in TVC has been mitigated by following different
layout techniques and overdriving the switching transistors.
In BIDS, most of the components are independent of process
variation by virtue of their design.

III. TRANSITION DELAY TESTING WITH BIDS

In the previous section, we showed that BIDS can detect a
delay in falling transition. In this section, we present a simple
circuitry (Fig. 5) that can detect delay in both rising and

Fig. 6. ATE-based test architecture using delay sensing hardware.

falling transitions. We connect BIDSr and BIDSf in parallel,
which receive the original (S) and complemented (S̄) signals
from the net under consideration. The decision for a falling
transition is made by BIDSf and that of a rising transition is
made by BIDSr. In case the delay meets the given criteria, the
output of the corresponding BIDS is “1.” Hence, if we XOR

the outputs of BIDSr and BIDSf , then a delay fault (either
slow-to-rise or slow-to-fall) is detected if the output of the
XOR (BIDSout) is “0.”

One interesting observation is that we do not need any
response analyzer for a pass–fail decision. Instead, the pass–fail
decision is automatically available at BIDSout. Moreover, inser-
tion of BIDS has minimal area and delay overhead. A single
sawtooth generator and reference voltage generator can be
used for all BIDS blocks. However, note that crosstalk can
degrade the BIDS accuracy if the sawtooth signal is not shielded
properly.

The delay overhead due to BIDS insertion is less than 1%
of the critical-path delay for s1196 (the maximum among all
the ISCAS benchmarks considered here) and less than 0.4%
on an average. The area overhead (active area) was computed
for the number of probe points beyond which there was no
considerable improvement in the fault coverage. For larger
benchmarks such as s35932 (s15850), the area overhead is
just 0.7% (2.2%), with 20 probe points. However, for small
benchmarks such as s838, the area overhead was higher, leading
to an average area increase of 3.9%.

A. ATE-Based Test Architecture

An ATE-based test architecture with four BIDSs is depicted
in Fig. 6. It is obtained by modifying the conventional scan
architecture. The scan chain consists of four flip-flops, namely,
FF1, FF2, FF3, and FF4. The test application procedure for
skewed-load transition-delay-fault testing [3] using ATE is
given as follows: The setup vector v1 is shifted into the scan
chain (using the Scan_in signal) by keeping the test control
(TC) and CE signals low and applying the clock. The corre-
sponding primary inputs (PIs) are applied by the ATE once v1
has been shifted in. After the application of v1, activation vector
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Fig. 7. Timing diagram for the test application in external testing.

v2 is obtained by a one-bit shift and applied to the circuit under
consideration. The corresponding PI vectors are simultaneously
applied, and signal TC is asserted. In the following clock cycle,
TC is deasserted, and the primary output (PO) is observed
by the ATE. The CE signal is asserted for one clock cycle
(Fig. 7) so that the BIDSs can verify the delays of the nets under
consideration and produce an output signal BIDSe. The BIDSe

signal is generated by ANDing all the individual BIDS outputs.
If the BIDSe output is low, it means that at least one of the
observation nodes has suffered a delay failure.

In the following cycle, the BIDSe signal is latched in a
separate flip-flop FFBIDS, which is introduced to avoid an extra
pin for observing the BIDS error signal. BIDSe is inverted and
ANDed with CE, and fed to the select signal of a multiplexer
chain. If both BIDSe and CE are high (i.e., the comparison be-
tween VREF and VTAH has been performed, and there is a delay
violation), then the BIDS values are latched in a part of the
scan chain. Otherwise, the scan chain latches the test responses
from the combinational logic. Enhanced-scan and broadside
test application [3] for scan-based delay testing can be similarly
achieved with the proposed architecture using BIDS. The new
setup vector is shifted in, and the scan-chain contents are shifted
out simultaneously from this cycle, as depicted in Fig. 7. When
the ATE observes an error signal on FFBIDS during Scan_out,
it knows that the Scan_out values at the following cycles are
BIDS outputs. This can be subsequently used for diagnosis
purposes to localize the failure. It can be noted that the BIDS
delay verification causes an extra clock cycle delay compared
to the normal scan test, which can be negligible, considering the
length of scan chain.

B. Modified Test-Per-Scan BIST Architecture

A modified test-per-scan BIST-based test architecture with
three BIDSs, namely, BIDS1, BIDS2, and BIDS3, is depicted
in Fig. 8. The scan chain consists of four flip-flops, namely,
FF1, FF2, FF3, and FF4. The test patterns for the PI and
the scan latches are generated as weighted random patterns
by a linear feedback shift register (LFSR). The PO and scan
latch outputs are provided to a multiple-input signature register
(MISR). The signatures generated by MISR are fed to an
output response analyzer (ORA). At the end of each test pattern

Fig. 8. Test-per-scan BIST architecture using delay sensing hardware.

Fig. 9. Timing diagram for the test application in test-per-scan BIST.

application, ORA and BIDS output signals are provided to the
BIST controller.

Test application procedure using skewed-load transition-
delay-fault testing [3] is given as follows: The setup vector
v1 is shifted into the scan chain (using the Scan_in signal) by
keeping the TC and CE signals low and applying the clock.
The corresponding PIs are applied by the LFSR once v1 has
been shifted in. After the application of v1, activation vector
v2 is obtained by a one-bit shift and applied to the circuit under
consideration. The corresponding PI vectors are simultaneously
applied, and signal TC is asserted. In the following clock cycle,
TC is deasserted, and the PO is fed to the MISR. The CE signal
is asserted for one clock cycle (Fig. 9) so that the BIDSs can
verify the delays of the nets under consideration and produce
output signal BIDSiout for the ith BIDS. This completes one
cycle of test application. Test application for enhanced-scan or
broadside test application can be similarly derived.

Note that by using the delay sensor, it is possible to localize
the logic violating the delay specification at that node. However,
it is not possible to detect the size of the delay failure. This is
because the delay sensor only determines the delay violation at
that node.
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IV. OBSERVATION POINT INSERTION

In this section, we propose an algorithm to choose a set
of probe points where the placement of on-chip BIDS can be
beneficial. We have considered transition- and segment-delay-
fault models for TPI. There are two main objectives to be
considered while choosing the probing points: 1) to reduce the
number of test vectors and thus the test time and 2) to increase
the fault coverage. Note that to satisfy the first objective, we
should choose points that are at the intersection of a large
number of signal propagation paths and are likely to have delay
violations. For the second objective, we should check hard-
to-detect faults and insert probing hardware at nodes that are
usually hard to observe. In this paper, we have used observ-
ability/controllability parameters for each gate (or node) and
chosen a node that is: 1) easily controllable but have poor
observability and 2) lying at the intersection of many incoming
path segments. Our probe metric accounts for both of these
factors during probe-point selection.

A. Probe-Point-Insertion Algorithm for Transition
Delay Faults

The probe-point-insertion algorithm for transition delay
faults begins by creating a graph G of the input netlist with the
gates as “nodes” and connections between two gates as “edges.”
The nodes are sorted topologically. Next, by traversing the
graph in topological order, the controllability and observability
values of each input and output node are computed in a manner
described in [18]. From the 0 and 1 controllability values, we
compute the probability of a rising and a falling transition
for each edge of graph G. As an example, for a two-input
NAND gate

C0(out) =C1(in1)C1(in2); C1(out) = 1 − C0(out)

O(in1) =C1(in2)O(out); O(in2) = C1(in1)O(out)

Pr(out) =Pf (in1)C1(in2)C1(in2)

+ Pf (in2)C1(in1)C1(in1)

Pf (out) =Pr(in1)C1(in2) + Pr(in2)C1(in1)

where C0(C1) is the 0(1) controllability, O is the output ob-
servability, and Pr(Pf ) is the rise (fall) transition probability.
For a rise transition (i.e., 0 → 1), the first pattern of both inputs
must be kept at “1” to generate a “0” at the output, while the
second pattern of one of the inputs should be “0” to generate

a “1.” On the other hand, for a fall transition (i.e., 1 → 0),
the first pattern of one of the inputs can be “don’t care,” and
the second input should be kept at “0,” whereas the second
pattern of both inputs should be kept at “1.” Therefore, the
first pattern is not taken into account for computing Pf . The
procedure of computing Pr/Pf can also be extended for other
logic gates.

At the inception of the algorithm, all path segments are
marked to be “uncolored.” If a probe point is inserted at a node
output, we “color” all path segments in its fan-in cone. Now for
each node, we compute the number of uncolored path segments
in its fan-in cone. To determine the best node for insertion of
probe hardware, we define the probing metric for the ith node
as shown at the bottom of the page.
Ti and Oi represent the testability and observability of the

ith node’s output, respectively, and w1 and w2 are the weights
assigned to the two components of the probe metric. Note
that by using testability Ti, we target the nodes that have
good controllability but poor observability. A higher value of
(Pr + Pf ) at the input of a gate indicates that the gate is easily
controllable. Similarly, a higher value of (1 −Oi) indicates the
poorness of the gate’s observability. Therefore, a higher value of
Ti indicates that the node has better controllability and poorer
observability. An observation point at such points is expected to
improve the test length if a large number of faults is incident on
these nodes (which is determined by NPi). Weights (w1, w2)
are initialized to (1, 1), but they can be tuned experimentally to
maximize the coverage for a given test length. An ideal probe
point must have maximum probing metric value. To ensure that
probing points are inserted only in paths that meet the slack
constraint, we maintain the worst case slack values at all nodes
(by performing a static timing analysis, STA). Depending on
the timing slack available in a node chosen for BIDS insertion,
we have the following options.

1) If the chosen node belongs to a timing-critical path and
does not meet the slack constraint, then the insertion is
aborted, and the node is marked “colored.”

2) If the slack constraint is met, then the node is selected
for insertion. At the same time, slacks of all timing paths
passing through the selected node are updated. This can
be done by simply subtracting the BIDS delay overhead
from the slacks of those paths. Note that we need not
run a complete timing analysis after each probe-point
insertion. Once the path slacks are updated, slacks of all
nodes lying on these paths are also modified accordingly.
This completes one iteration of the probe-point-insertion
algorithm.

Pmi =w1 ∗ Ti + w2 ∗NPi

where Ti = (1 −Oi) ∗ (Pr(i) + Pf (i))

NPi = normalized number of uncolored paths in the fan-in cone of the ith node

NPi =
number of uncolored incident paths

maximum number of uncolored paths for any edge
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Fig. 10. Timing-critical path in C17.

The operation of the probe-point-insertion algorithm can be
explained with the help of a small example circuit (Fig. 10).
Let us assume that the number of probing points is two. The
algorithm begins with reading the netlist and creating a graph G,
and sorting it topologically (U1−U2−U3−U4−U5−U6 in
this example). The testabilities, normalized number of paths,
and probing metrics for the nodes are also computed. By
performing STA, we note that path G4−U2−U3−U5−G16 is
timing critical (Fig. 10). From the computation, it is observed
that node U4 has the maximum probe metric value (excluding
nodes U5 and U6, which are POs). Since U4 does not violate
the slack requirement, it is selected for the probe-point inser-
tion. Note that we are not required to update the slacks because
U4 does not belong to the timing-critical path. Now, the fan-
in cone of U4 is colored so that the probabilities of selection
of all nodes in its fan-in cone are reduced. Additionally, the
observability of selected node U4 is changed to 1, and the
observabilities of all nodes in its fan-in cone are recomputed.
The process of finding the next probe point is repeated to insert
the next probe hardware into the circuit. The pseudocode of the
probe-point-insertion algorithm is presented as follows:

Algorithm InsertProbe ()
Input: Spice netlist, #probe points (Y), slack constraint,

target coverage;
Output: A set of probe points;
begin

1. Read the netlist and create a graph (G);
2. Order the nodes of G topologically;
3. Traverse G and compute;C(0, 1) and O for each node;
4. Using STA, find worst case timing slack for each gate;

do
5. Start traversing G from PIs;
6. For each node i do
7. Find testability Ti;
8. Find number of uncolored path segments (NPi) to

node i;
9. Find probing metric Pmi = f(Ti, NPi);

end for
10. Get node X with max(Pmi);
11. If X meets the slack constraint then

11.1 Mark all path segments in fan-in cone of X as
colored;

11.2 Update slack values of all paths containing
node X;

11.3 Recompute the observabilities of the fan-in cone;
else

12. Mark node X as colored, and continue;
while (Y probing points are inserted or the target
coverage is met);

end.

The algorithm is computationally efficient with an overall
complexity of O(n2) since it is dominated by topological
sorting.

B. Probe-Point Insertion for Segment Delay Faults

The segment-delay-fault model has emerged as a popular
delay fault model to test for possible delay violations in path
segments [12], [17]. The segment length is an input parameter
to the model, which varies from 1 (corresponding to the
transition-delay-fault model) to the longest segment length
(corresponding to the critical-path length). The probe-point-
insertion algorithm for the segment delay fault is identical to the
probe-point-insertion algorithm for the transition delay fault.
The probing metric, however, is different in this case. The
probing metric for segment delay fault for segment length L
shown at the bottom of the next page, where, as before, Ti is
the testability of the ith node’s output edge and w1 and w2
are the respective weights assigned to each component of the
probe metric.

V. RESULTS

In the simulation setup, the ISCAS’89 benchmark circuits are
mapped to the Leda standard-cell library, and simulations are
performed with Taiwan Semiconductor Manufacturing Com-
pany (TSMC) 180-nm technology. Once the nodes for probe
insertion are determined, the nodes so obtained are treated as
pseudo-POs. The test coverage and the test patterns for the
transition delay fault are obtained using the Synopsys Tetramax
ATPG tool [19]. The area overhead is limited by setting the
maximum number of test points to 20, and the tolerance in
critical-path delay overhead is set to 2%.
Transition Faults: Table I shows the fault coverage for the

original and modified circuits (after TPI) for a set of 50, 100,
150, and 250 test patterns generated by Synopsys Tetramax
ATPG tool [19]. Note that the test patterns are generated for
enhanced-scanlike arbitrary two-pattern test application. It can
be observed from Table I that a maximum of 31.27% coverage
improvement is attained for benchmark s1196 with only 50
patterns. On average, the coverage improvement was found to
be 15.15% for 50 test patterns. Table II presents the test-length
reduction for the target coverages of 80%, 85%, 90%, and 95%.
A reduction in test length of up to 67.5% is observed for circuit
s9234 (for 95% of the target coverage). It can also be observed
from Table II that an average reduction in test length of 48.47%
is attained for a target coverage of 80%.

Table III shows the fault coverage for the original and
modified circuits (after TPI) for a set of 50, 100, 150,
and 250 random test patterns generated by Synopsys Tetramax
ATPG tool [19]. Note that the test patterns are generated for
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TABLE I
FAULT COVERAGE IMPROVEMENT (%) WITH A FIXED NUMBER OF TEST PATTERNS FOR ATE-BASED TESTING

TABLE II
TEST-TIME (NUMBER OF TEST PATTERNS) IMPROVEMENT FOR A FIXED TARGET TEST COVERAGE FOR ATE-BASED TESTING

TABLE III
FAULT COVERAGE IMPROVEMENT (%) WITH A FIXED NUMBER OF PATTERNS FOR TEST-PER-SCAN BIST

enhanced-scanlike arbitrary two-pattern test application. It can
be observed from Table III that a maximum of 30.3% coverage
improvement is attained for benchmark s1196 with only 50
patterns. On average, the coverage improvement was found to
be 10.47% for 50 test patterns. Therefore, the test confidence is
boosted significantly for the same test time. Table IV presents
the test-length reduction for target coverages of 80%, 85%,
90%, and 95%. A reduction in test length of up to 85.4% is
observed for circuit s1196 (for 90% of the target coverage). It

can also be observed from Table IV that an average reduction in
test length of 48.59% is attained for a target coverage of 90%.
Note that in Tables II, and IV we could not obtain the exact
target coverage (as desired) of the original circuit due to the
ATPG tool limitation. Therefore, we obtained the test length of
modified circuit by equalizing its test coverage to that of the
original circuit.

We also observed the impact of number of probe points
on the transition fault coverage. The result indicated that a

Pmi =w1 ∗ Ti + w2 ∗NSi

where Ti =(1 −Oi) ∗ (Pr(i) + Pf (i))

NSi = normalized number of uncolored critical segments of length L in the fan-in cone of the ith node

NSi =
number of uncolored critical incident paths

maximum number of uncolored critical paths for any edge
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TABLE IV
TEST-TIME (NUMBER OF TEST PATTERNS) IMPROVEMENT FOR A FIXED TARGET TEST COVERAGE FOR TEST-PER-SCAN BIST

TABLE V
PERCENTAGE INCREASE IN THE NUMBER OF DETECTED FAULTS AND REDUCTION IN TEST LENGTH FOR DIFFERENT SEGMENT LENGTHS L

maximum of 10 probe points are necessary to achieve signif-
icant improvement in test coverage. The same study for all the
benchmarks indicated an identical behavior to conclude that
8–20 probe points are sufficient for the purpose.
Segment Delay Faults: The segment-delay-fault simulator

SIGMA [17] is implemented using the C programming lan-
guage. The segment length L has been chosen to be 2, 3,
and 5, and a set of 1000 random input vectors is applied. Due
to the robust fault propagation requirement, the fault coverage
of segment delay faults is lower than that of transition delay
faults [17]. Hence, the metric of interest in this paper is the
percentage increase in the number of detected critical faults
when the same set of input vectors is applied to the circuit both
before and after the test points are inserted. Table V depicts the
number of detected critical-path segments before and after TPI
and improvement (in percentage). It can be noted that a maxi-
mum of 21.21%, 54.71%, and 21.8% improvement is achieved
for nonrobust, robust, and their combination, respectively. In

Table V, we have depicted the number of test patterns (#pat)
required to detect a similar number of critical-path segments
(as original) after TPI. We observe that test time can be reduced
significantly (as high as 76%, 73%, and 73.5% for nonrobust,
robust, and their combination, respectively) for a similar test
confidence.

VI. CONCLUSION

This paper presents a novel delay fault testing methodology
using an on-die delay sensor. The design of a low-overhead
process-tolerant delay testing hardware has been presented. An
algorithm has been proposed to judiciously select probe points
in the combinational circuit where the delay sensors should
be inserted for maximizing coverage and/or test-time improve-
ment. Simulation results show that the proposed method is
promising for delay testing in external (ATE-based) and scan-
based BIST.
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