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Abstract—The thermal activity during testing can be consider-
ably reduced by applying power-oriented filling of the unspecified
bits of test vectors. However, traditional power-oriented X-fill
methods do not correlate the thermal activity with delay failures,
and they consume all the unspecified bits to reduce the power
dissipation at every region of the core. Therefore, they adversely
affect the un-modeled defect coverage of the generated test
vectors. The proposed method identifies the unspecified bits that
are more critical for delay failures, and it fills them in such a
way as to create a thermal-safe neighborhood around the most
critical regions of the core. For the rest of the unspecified bits
a probabilistic model based on output deviations is adopted to
increase the un-modeled defect coverage of the test vectors.

I. INTRODUCTION

Excessive power consumption during test, increases the
overall chip temperature, and in many cases, it cre-
ates localized overheating. Thermal aware testing resolves
thermal—related issues by reducing the temperature at hotspots
in a SoC [1], [5], [8], [10], [18], [20], [25], [26]. However,
critical paths are not always affected by the hotspots. In some
cases, the reduction of the temperature at a hotspot may
even increase the temperature at other areas of the SoC. In
such cases the temperature of critical paths increases, and
the probability good dies to fail test increases too. Therefore,
methods that are both thermal-aware and delay-aware are
needed to avoid unnecessary yield loss.

Since thermal generation is proportional to the average
power dissipation, many techniques reduce the switching
activity of the core during scan-in/scan-out and/or capture
operation [3], [6], [7], [9], [15], [21], [24]. X—fill methods
are very effective in reducing shift and/or capture power by
manipulating only the unspecified bits of test cubes [4], [12],
[13], [16], [17], [19], [22], [23]. X-fill methods have negligible
impact on the ATPG process, they affect neither the scan chain
structure nor the circuit under test (CUT), and they can be
easily combined with other test methods.

Since the thermal behavior of a core depends on both
the heat generation and the heat dissipation mechanism, lay-
out information is needed to tackle the combined problem
of hotspot-temperature and critical-path delay minimization.
However, existing X—fill methods are totally unaware of the

*This paper was partially supported by the Special Account for Research
Funds of the Technological Educational Institute of Epirus.

978-3-9815370-8-6/17/$31.00 (©2017 IEEE

Xrysovalantis Kavousianos
Computer Science and Engineering
University of loannina, Greece
kabousia@cs.uoi.gr

core layout, and they consume all ‘X’ values for reducing
power at the entire die area, while they neglect other test qual-
ity objectives, like the un—modeled defect coverage (UDC).
An example is the popular fill—adjacent method [12], which
minimizes the number of transitions at the scan chain during
the scan—in process, but offers very low UDC [2], because it
generates highly correlated test vectors (major parts of vectors
are filled with long runs of Os and 1s). The method in [2] offers
a trade—off between power consumption and UDC, but it does
not consider local thermal and delay effects of the tests.

We propose a thermal and delay aware X—fill method that
offers high UDC. Layout information is used to identify the
scan cells that are most important for removing hotspots at
critical nets. Then, a thermal safe neighborhood is created
around these nets. The rest of the scan cells are exploited to
increase the UDC of the generated test vectors by the means of
an output-deviation based metric [14]. The proposed method
avoids any unnecessary yield loss because it reduces the delays
at critical paths during testing, while it considerably increases
the quality of the generated test vectors in terms of UDC.

II. PROPOSED METHOD

To avoid overheating of critical paths, the power dissipated
at the critical areas, i.e., the areas around the critical paths,
must be minimized. At the same time, proper testing con-
ditions must be imposed to ensure that these areas are also
protected from heat transferred from other areas of the chip.
When two areas are geometrically close to each other, then a
large thermal gradient causes significant heat transfer between
them and quickly changes their temperatures [11]. Therefore,
to protect a critical area, a thermal-safe zone must be created
around it, that is able to absorb heat from this area and other
neighboring areas that develop high temperatures.

The first step towards this goal is to identify critical paths
geometrically, and specify, topologically, thermal-safe zones
that surround them. Then, the heat generated inside these
zones must be minimized. Since the largest portion of the
power dissipated during testing is dissipated during scan-in,
the transitions occurring inside the thermal-safe zones during
this process must be minimized. Thermal-safe zones decrease
the power dissipation internally, but they permit higher power
dissipation externally at non-critical areas. Thus, thermal-safe
zones reduce considerably the number of scan-cells exploited
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Fig. 1. Critical Area & Thermal-Safe Zone

to decrease the thermal activity of the core, and the remaining
scan-cells can be used to achieve other test objectives.
Example 1. Let us consider the CUT shown in Fig. 1, which
is partitioned into 9 x 9 equally sized blocks, and let C be the
critical block. Test data are loaded using scan chains SC4, SCo
and SCs5 from right to left. The color of each block reflects
the thermal profile of the block during testing (dark colors
means high temperatures). The thermal-safe zone consists of
two layers of blocks that surround block C. The test data of
the black scan-cells pass through the zone during the scan-in,
and thus these cells are filled using either power-oriented or
defect-oriented criteria depending on their relative position at
the scan-chain. The white scan-cells do not affect the thermal-
safe zones and they are filled using defect-oriented criteria. ll
The area-characterization of the core requires to identify
critical blocks and create a thermal-safe zone around each one
of them. To this end, the core’s floorplan is first partitioned into
a given number N of equally-sized rectangle blocks. Then, the
critical paths are identified using post—layout timing analysis
and the blocks are separated into critical blocks of zone Z, and
non—critical blocks depending on whether they contain critical
paths or not. Every non-critical block that is an immediate
neighbor of a critical block is included in the first layer of the
thermal-safe zone, the Z; zone. Every non-critical block that is
an immediate neighbor of a block in the Z; zone is included in
the second layer of the thermal-safe zone, the Z5 zone. Every
non-critical block that is included in the Z; zone of one critical
block, is not included in the Z5 zone of any other critical
block. The thermal activity increases from zone Z; to zone
Z. Outside these zones the thermal activity is left completely
unconstrained. Each one of the blocks in zones Zg, Z1, Z>5 is
assigned a different thermal weight wz, > wyz, > wz, > 0,
based on the importance of thermal activity at this block (the
higher is the weight, the lower must be the thermal activity of
the block). Non-critical blocks are assigned zero weights.
During the loading of scan chain ¢ scan-cell SC’} is consid-
ered as successor of SC7 ., and predecessor of SCj_;. The
thermal weight of each scan-cell SC} depends on the block it
belongs to, as well as on its relative position j in the scan chain
1. The position j of SC} in the scan chain 7 is used to measure
the impact of SC} on the overall number of transitions caused
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by S C’; during the scan-in operation. Scan cells close to the
scan output receive higher weights than those located close to
scan inputs, because their test data need to travel long distances
in the scan chains to reach them. As a result they affect the
heat generation at the core during testing more than the scan-
cells located close to the scan inputs. Therefore, the thermal
weight of scan-cell SC} that belongs to thermal zone Zj, is
calculated as W (SC}) = wz, x ]l for k=0,1,2.

After the scan-cells are assigned weights, the unspecified
bits of the test cubes (namely test vectors with ‘0’, ‘1’ and
‘X’ logic values) are filled in such a way as to reduce the
transitions inside the safe-zones. Every pair of complementary
test bits at two successive scan-cells causes transitions at all
their predecessor scan-cells during the scan-in process. Thus,
even if a scan-cell S C; is located inside a non-critical block,
it impacts the thermal activity of blocks of thermal-safe zones,
when these zones contain scan-cells that precede SC’;.

The impact I P of scan-cell SC} to the power dissipation
of the die is defined as the sum of the weights of SC?,
SCi1, SO}, ... according to the formula TP(SC}) =
> m=j.. L W(SCy,), where L is the number of scan chains.
A large value of TP(SC7) indicates that scan-cell SC should
be set to the same logic value with scan-cell SC;-_l, else a
logic transition will be introduced to the scan-in process, with
a large impact on the thermal activity of the critical areas of
the core. The value of I P(SC;) is normalized in the range

[0, 1] according to the formula NIP(SC}) = Iflgicj) where
IPpae = maz{IP(SC%)},Vi,j. NIP(SC?) is used to fill
the unspecified bits of each test cube in a probabilistic manner,
starting from the scan-out cells SCi and moving towards the
scan-in cells SC%. Specifically, let R; be a random number
generated in the range [0, 1] for SC}. If R < NIP(SCj) the
unspecified value of s;an-cell SC7j is set equal to the specified
value of scan-cell SC}_, else it is set randomly to either logic
value 0 or 1. In the case that SC7 does not affect much the
thermal-safe zones the value of NIP(SCj) is low, and the
probability that SCj is set randomly is high. However, when
SC% affects thermal-safe zones the value of NIP(SCj) is
high and there is a high probability that it is assigned the
same logic value with its successor scan-cell Sijl.

Even though this formula achieves the required thermal
objectives, there are cases that the X-fill process must be
further biased towards more power friendly test vectors. To this
end, a parameter P € [0, 1] is set by the designer according
to the formula R < NIP(SC})+ P(1— NIP(SC})). As the
value of P increases from O to 1, the right part of this formula
increases from NIP(S C’Jl) to 1, and thus the probability that
this formula is true increases. As a result, more scan-cells are
assigned the same logic values with their successor cells, and
the power dissipation of the test vectors decreases even more.

Large values of P tend to generate test vectors with very low
power dissipation. However, these test vectors are correlated
due to the biased filling of their unspecified bits, and thus the
UDC drops. Low values of P generate test vectors with many
unspecified bits filled randomly, which increases the UDC.

643



Moreover, due to the probabilistic nature of the proposed
method, a number of test vectors can be generated for each
test cube, by repeatedly applying this X-fill technique on every
test cube. Even though all the test vectors generated for one
test cube are equally effective in term of power dissipation at
the critical blocks and the thermal-safe zones for a given value
of P, they offer different UDC.

In order to select the best test vector for each test cube, the
test vectors are evaluated using the output-deviation metric
proposed in [14]. Output deviations are probability measures
at primary outputs and pseudo-outputs that indicate the likeli-
hood of error detection. The output deviation for input pattern
tp and an output/pseudo-output w is defined as the probability
output w to receive the opposite than the error-free logic value.
Each test vector is applied with two capture cycles r; and
ro (i.e., we assume the Launch-On-Capture technique as it is
common in industry). For each output w, the generated test
vectors are partitioned into four groups: those producing fault-
free response 0 and 1 at capture cycles r; and 7. The output-
deviation values of all generated test vectors are calculated
and the largest value for every output w and for each fault-
free response v at capture cycle r; are used to evaluate the
test vectors. The selection process ensures that one test vector
is selected for every test cube, and the final set of selected test
vectors maximizes the output deviations at all outputs.

III. EXPERIMENTAL RESULTS

To evaluate the proposed methodology, we run experiments
on the largest ISCAS’89 and IWLS benchmark cores. Each
core was synthesized using the 45nm Nangate technology,
and its layout was generated using commercial DFT-enabled
tools. The floorplan of each core was partitioned into a
number of blocks, which was determined based on the area
and the number of scan cells of the core. The critical paths
were identified using post-layout timing analysis based upon
standard operating condition. All paths with delays within a
margin of 90% of the worst path delay were classified as
critical paths. A nearest-neighborhood search was applied to
determine the blocks of zones Z;, Z,. The weights wz,, wz,
and wy, were set equal to 3, 1.5 and 1 respectively.

The proposed method was developed using C++. The
Random-Fill (RF), the Fill-Adjacent (FA) [12] and the
Modified-Fill-Adjacent (MFA) method [2] were also imple-
mented for comparison purposes. All these methods were ap-
plied on compacted test sets generated for complete coverage
of stuck—at faults. Similar to [2] these test sets were evaluated
for UDC by using the transition-fault model as surrogate fault
model (a fault model that is not targeted by the generated test
sets). In both the proposed and the MFA methods, the same
output-deviation based metric was used, and 30 test vector
candidates were generated per test cube [14].

To evaluate the thermal activity of each core, the power
profile and the floorplan of every core and every test set were
given as inputs to the Hotspot tool [11]. Then, to measure the
impact of the evaluated methods on the delay of critical paths,
we used the steady profile generated by Hotspot for each core
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and each test set, to determine the operating condition (OC)
of each block and every scan cell inside the block. This OC
was provided to a commercial tool, to perform timing analysis
using on-chip variations and two slow-corner libraries of the
45nm Nangate technology, the worst-low and the slow library.
Both libraries were characterized at low power supply voltage
equal to 0.95V, and temperatures set at —40 and 125 grades
in Celsius scale respectively. Then, the path delays at every
block were generated by the static analyzer of a commercial
tool, which interpolated the timing information of the library
to estimate the delays of standard cells at the given OC.

The average power consumption of the proposed method on
the Ethernet core, which is the largest and more representative
core, is equal to 9.54mW, and it is slightly higher than the
9.20mW consumed by the FA. The power consumption of
the MFA is much higher, and it is equal to 12.73mW. The
power consumption of the RF is equal to 27.65mW and it is
almost three times higher than both of the proposed and the FA
methods. The post-layout timing analysis identified 3 critical
blocks, 7 blocks in the Z; zone and 11 blocks in the Z5 zone
(the rest 79 blocks are non-critical). The “steady” temperature
at each one of the critical blocks is depicted in Fig. 2 for FA,
MFA, RF and the proposed method. Clearly, the temperature
at the critical blocks for both the proposed method and FA is
the lowest one. MFA increases the temperature by 2 degrees
and RF increases the temperature by 10 degrees. According to
the thermal-aware timing analysis the delay of the critical path
in the proposed and the FA methods was found to be equal
to 1.61ns, while the worst path delays of MFA and RFA were
found to be equal to 1.64ns and 1.72ns respectively.

To compare the four X-fill methods with respect to the UDC,
we present in Fig. 3 the transition-fault coverage provided by
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TABLE I
TEMPERATURE (CELSIUS DEGREES)

Benchmark RE Proposed Method MEA FA
Cores P=0 P =0.85 P=1
ethernet 3843 37.98 29.73 37.19 31.26 | 29.57
des3 35.38 32.63 31.13 31.75 32.10 31.8
aes_cipher 41.57 40.79 38.88 39.68 40.82 | 38.44
wb_conmax | 32.09 31.49 30.11 30.72 31.78 | 29.75
tv80s 30.57 28.93 27.54 27.35 28.6 27.24
usbf 33.53 31.25 28.86 28.52 29.37 | 28.31
$38417 29.12 28.14 27.29 27.13 27.78 | 27.11
$38584 30.3 29.88 28.29 29.32 29.36 28.8
TABLE II
TRANSITION FAULT COVERAGE (%)
Benchmark RE Proposed Method MEA FA
Cores P=0 P =0.85 P=1
ethernet 77.89 77.28 75.48 76.46 7148 | 72.14
des3 90.61 88.80 84.01 80.67 80.55 80.21
aes_cipher 84.76 84.54 83.47 83.02 84.41 82.47
wb_conmax 93.8 93.37 92.13 92.25 93.68 | 91.35
tv80s 42.01 4191 39.98 38.24 39.82 | 38.22
usbf 23.95 23.88 22.60 21.86 22.60 | 21.83
$38417 93.23 91.96 86.77 79.29 84.59 | 79.25
$38584 86.87 84.89 79.74 80.02 79.63 | 77.51

each one of them. The x-axis presents the number of vectors
applied, and the y-axis the transition-fault coverage. Clearly,
both FA and MFA provide lower transition-fault coverage than
the RF and the proposed methods. The highest transition-
fault coverage is provided by the RF, which however is
comparable to the transition-fault coverage offered by the
proposed method. In addition, both of them offer very high
ramp-up, which offers further test time savings at abort-at-
first-fail environments. However, the high power consumption
and temperature of the RF do not permit its application in
a thermal constrained environment. Therefore, the proposed
method outperforms the other methods when all four param-
eters of power, temperature, delay and UDC are considered.
Tables I, II present the steady temperature and the transition-
fault coverage of the RF, FA, MFA and the proposed method
for P =0, P =0.85and P = 1. When P = 0 only a few scan
cells are power constrained, and thus the results are close to
the RF method. When P = 1 case many scan cells are power
constrained, and thus the results are close to the FA method. In
all cases, the proposed method offers power consumption and
temperature that is very close to the most power-efficient FA
method, while at the same time it offers UDC that is very close
to the RF method. Therefore, we conclude that the proposed
method combines the advantages of both FA and RF method,
and it offers high UDC without any adverse impact on power
dissipation, temperature and critical-path delay during testing.

IV. CONCLUSIONS

In this paper we have presented a critical path—oriented and
thermal-aware ‘X’ —fill method, which offers high un-modeled
defect coverage. Extensive experiments on the large ISCAS’89
and the IWLS benchmark circuits have shown that the power
dissipation and the thermal activity at the most delay-critical
regions of the cores were considerably reduced. At the same
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time, the generated test sets offered high un-modeled defect
coverage, which is similar to that provided by power-unaware
and thermal-unaware approaches.
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