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Abstract—Moving further into the deep-submicron era, the 

problem of test-induced yield loss due to high power consumption 
has increasingly worsened. One of the major causes of this 
problem is shift timing failure, which arises from excessive 
switching activity in the proximities of clock paths that tends to 
introduce severe clock skew due to IR-drop-induced delay 
increase on a portion of the clock tree. This paper proposes a 
novel layout-aware scan segmentation design scheme called 
LCTI-SS (Low-Clock-Tree-Impact Scan Segmentation) for 
avoiding shift timing failures. The proposed scheme searches for 
an optimal combination of scan segments for simultaneous 
clocking so as to reduce the switching activity in the proximities of 
clock trees while maintaining the average power reduction effect 
of the conventional scan segmentation. Experimental results on 
benchmark circuits have demonstrated the advantage of the 
LCTI-SS scheme. 
Key-words: scan testing, shift power reduction, scan 
segmentation, switching activity, clock tree, clock skew. 
 

I. INTRODUCTION 
ONTINUOUS shrinking in process feature sizes has led in an 
era of high-speed and low-supply-voltage VLSI designs. 

At the same time, the deep-submicron (DSM) process 
technology has posed serious design and test challenges. One 
major issue is test-induced yield loss due to excessive power 
consumption in scan testing. In recent years, at-speed scan 
testing has become crucial for DSM VLSI circuits in 
guaranteeing sufficient circuit quality levels. This is because 
timing-related defects have become dominant in such circuits 
[1].  
In practice, a launch-on-capture (LOC) clocking scheme has 
been widely used in scan testing because its scan enable (SE) 
signal has lower physical design complexity than other 
clocking schemes. A basic LOC clocking scheme is shown in 
Fig. 1. In shift mode (SE = 1), scan chains are operated as shift 
registers with multiple clock pulses (S1 to SL) for loading a new 
test vector and unloading the test response to the previous test 
vector. Then, in capture mode (SE = 0), a first capture pulse C1 
is applied for launching transitions and subsequently, a second 
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capture pulse C2 is applied at system clock cycle T for capturing 
the response to the launched transitions. After that, SE is set to 1 
again for unloading the test response and loading the next test 
vector.  

 
Fig. 1.  Test power safety issues. 

A. Test Power Safety in At-Speed Scan Testing 

At-speed scan testing is indispensable for DSM VLSI circuits. 
However, despite its importance, scan testing is facing a serious 
challenge of test-induced yield loss due to excessive power 
consumption [2].  
Test power caused by switching activity which attributes to 
power dissipation in scan testing has known to be much higher 
than functional power because of the need to test in the shortest 
time possible. High test power may cause various problems, 
threatening test power safety. Fig. 1 illustrates the test power 
safety issues in at-speed scan testing.  
There are two types of issues in scan testing: thermal 
overheating and timing failures. The thermal issue is closely 
related to average power since it is the accumulative impact of 
excessive shift switching activity (SSA) as most of the test 
application time is spent in shift mode. This may result in 
overheating of the die or chip packages, leading to yield loss or 
performance degradation. On the other hand, timing failures 
can occur in both shift mode and capture mode since they are 
caused by the instantaneous impact of excessive switching 
activity at individual clock cycles. Excessive switching activity 
causes large switching current flow through the power and 
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ground network, resulting in IR-drop that reduces the switching 
speed of each affected gate. As a result, timing failures may 
occur due to IR-drop-induced delay increase and thus yield loss 
occurs [2]. While IR-drop-induced delay increase is the main 
cause, the mechanism of timing failures differs in different scan 
test modes. In shift mode, IR-drop-induced delay increase 
along clock paths may lead to severe clock skew and shift 
timing failures may occur due to hold time violations. In 
contrast, in capture mode, excessive launch switching activity 
(LSA), as caused by C1 in Fig. 1 results in IR-drop-induced 
delay increase along sensitized paths. Capture timing failures 
may thus occur in the capture cycle due to setup time violations. 
Therefore, test power safety--the combination of both shift 
safety and launch safety--must be guaranteed for at-speed scan 
testing to avoid chip and package damage, reliability and 
performance degradation, and undue yield loss. The thermal 
issue has been addressed in the past years and various 
techniques have been proposed to reduce average SSA. Typical 
techniques include scan clock gating [3], scan chain disabling 
[4], toggle suppression [5], scan cell ordering [6], and scan 
segmentation [7]. For timing failures, effective techniques exist 
for reducing LSA [9, 10], which are helpful in achieving launch 
safety. However, these techniques do not target shift timing 
failures and thus cannot guarantee shift safety. 
This paper addresses this shift safety problem caused by 
excessive SSA around clock paths with a novel layout-aware 
scheme based on scan segmentation, called LCTI-SS 
(Low-Clock-Tree-Impact Scan Segmentation). The basic idea 
is to optimize the combination of scan segments for 
simultaneous clocking since SSA depends on which segments 
are simultaneously clocked. LCTI-SS deals with the real cause 
of excessive-SSA-induced yield loss by reducing SSA in the 
proximities of active clock paths while preserving the benefits 
of conventional scan segmentation in reducing average 
whole-circuit shift power without performance degradation. A 
segment regrouping algorithm is proposed to directly reduce 
SSA in impact areas by optimally grouping scan segments for 
simultaneous clocking. LCTI-SS improves the shift safety 
since the reduction of instantaneous SSA is directly focused on 
impact areas to significantly reduce IR-drop-induced shift 
timing failures. 

II.  BACKGROUND 

A. Conventional Scan Segmentation 
The basic concept of scan segmentation [7] is to split a scan 
chain into multiple segments, and shift just one segment of the 
scan chain at a time while keeping all other segments 
deactivated. Fig. 2 shows an example of a scan segmentation 
design for a circuit with 3 scan chains. The original scan chains 
with length L (Fig. 2a) are split into 3 shorter segments with 
length L/3, resulting in a total of 9 segments S11 to S33 (Fig. 2b). 
Three gated clocks GCLK1, GCLK2, and GCLK3 are connected 
to all scan FFs in 3 segment groups G1 = {S11, S21, S31}, G2 = 
{S12, S22, S32}, and G3 = {S13, S23, S33}, respectively. The shift 
operation is conducted for G1, G2, and G3, one at a time. As 
shown in Fig. 2c, gated clocks GCLK1, GCLK2, and GCLK3 are 

exclusively applied during a shift operation. The test response 
to a test vector is captured by applying all gated clock signals 
after a test vector has been shifted into all segments. Since the 
number of simultaneously-switching FFs becomes smaller, 
global average SSA is effectively reduced. Note that no 
modification is required on functional paths, thus avoiding any 
performance degradation. In addition, test application time 
remains the same as that of the standard scan architecture. It has 
been reported in [7] that the average shift power reduction ratio 
is approximately 50% for a 2-segment configuration and 66% 
for a 3-segment configuration. 

 
Fig. 2.  Conventional scan segmentation. 
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B. Shift Timing Failures 
Conventional scan segmentation can effectively and 
predictably address the accumulative impact of excessive SSA, 
thus solving the overheat problem caused by high average SSA. 
However, it is unable to mitigate the instantaneous impact of 
excessive SSA. As a result, IR-drop-induced delay increase 
may still occur along clock paths from a clock pin to scan FFs, 
which may cause clock skew and shift timing failures and  
severely reduce shift safety and test yield.  
Circuit level experiments show that even local IR-drop 
affecting only a single clock buffer may already cause an 
increase of the propagation delay of the driven clock paths in 
the order of the designed maximum clock skew.  
In consequence, excessive SSA around clock paths threatens 
shift safety by causing shift timing failures at scan FFs, 
resulting in undue yield loss. With regard to scan segmentation, 
shift safety is not guaranteed by reducing only global average 
SSA. There is a strong need for effectively reducing local SSA 
around clock paths as well. 

III. THE LCTI-SS SCHEME 
This section describes Low-Clock-Tree-Impact Scan 
Segmentation (LCTI-SS), for reducing the instantaneous shift 
switching activity (SSA) in the proximities of clock trees to 
reduce the risk of timing failures in scan chains. Together with 
the intrinsic benefit of scan segmentation for reducing global 
average SSA to mitigate the overheat problem, the proposed 
LCTI-SS significantly improves the overall shift safety. 

A. Basics 
In conventional scan segmentation, once a scan segment 
configuration is fixed, the same groups of segments are always 
simultaneously shifted at a time. However, there may be a 
better combination of segments for simultaneous clocking with 
low SSA in the proximities of clock paths. The LCTI-SS 
scheme tries to find such a combination. Fig. 3a shows the 
general flow of the proposed LCTI-SS scheme. It consists of 
two major steps: impact area identification (○1 ) and segment 
regrouping (○2 ), as described below: 
Given a circuit netlist N with standard full-scan design, 
conventional scan segmentation (as illustrated in Fig. 2b) is 
first designed. The result is a new netlist N′, for which 
place-and-route is conducted to produce a layout design L and a 
clock tree design C. Based on these two types of information, 
impact area identification (○1 ) is conducted to identify nodes 
(gates and FFs) whose transitions have significant impact on 
IR-drop-induced delay increase on clock paths. After that, 
segment regrouping (○2 ) is conducted to minimize the number 
of nodes in impact areas which may affect active clock paths. 
To illustrate the LCTI-SS scheme, let us revisit the case shown 
in Fig. 2b. Here, the initial segment groups provided by 
conventional scan segmentation are G1 = {S11, S21, S31}, G2 = 
{S12, S22, S32}, and G3 = {S13, S23, S33}. By applying the 
LCTI-SS scheme, scan segments are regrouped, for example, 
into G1′ = {S13, S22, S31}, G2′ = {S11, S21, S33}, and G3′ = {S12, S23, 
S32}, as shown in Fig. 3a.  

B. Reconfigurable Scan Segmentation Architecture 
Since clock trees are timing-critical and have to be perfectly 
balanced, it is objectionable to regroup scan segments by 
modifying the clock trees after physical design and timing 
closure. This may lead to clock tree re-synthesis, which in turn 
may change other parts of the layout. As a result, the impact 
areas may also change. To realize scan segment regrouping 
without changing the layout, a programmable clock control is 
preferable. Fig. 3c shows an architecture of a reconfigurable 
scan segmentation scheme with programmable clock control. It 
consists of clock control logic for scan chains, address registers, 
and shadow registers. The inputs of the clock control logic are 
CLK, SE and the address representing which segment to 
activate. Each output is fed into the corresponding clock tree of 
a segment. At the beginning of scan testing, address data for the 
first segment group is loaded into shadow registers. When all 
the control data is loaded, the load clock of the address registers 
is applied and SE is set to 1 for scan shift. This selects the 
AND-gated clock paths according to the mask in the address 
registers.  Because of the one-hot-decoder, only the segments of 
the first group are activated. Address data for the next segment 
group is loaded into shadow registers while shifting. After 
shifting the first segment, the load clock is applied again to 
switch the active segment group. This is repeated until shifting 
of the last segment group is completed. Note that, while shifting 
the last segment group, address data for the first segment group 
is loaded into the shadow registers. SE is then set to 0 for 
launching transitions and capturing the response. In capture 
mode, paths from original clock are selected to activate all 
segments at a time. After that, SE is set to 1 again for shifting 
out the response and shifting in the next test vector. 
This way, any grouping of scan segments can be chosen for 
simultaneous clocking for each scan chain without layout 
modification. This flexibility requires a slight increase in test 
data volume.  
For each scan chain with m segments, the additional control 
circuit needs m 2-to-1 MUXs, m AND gates, one (log2m)-to-m 
decoder and 2⌈log2 𝑚⌉ registers. Then, n of the these control 
circuits are needed for n scan chains in a circuit. Let’s assume 
the number of segments is at most 4 since average power 
reduction effect diminishes beyond 4 segments as shown in [8]. 
Then, the overhead per a scan chain is approximately 50 gates 
in 2-input NAND gate equivalent, when using the SAED90nm 
EDK Digital Standard Cell Library. This is sufficiently small 
even for a circuit with a high number of scan chains. 

C. Impact Area Identification 
To identify the nodes whose transitions have significant impact 
on clock skew, the LCTI-SS scheme uses circuit layout 
information e.g., a design exchange format (DEF) file. The 
clock aggressors, defined as the nodes (gates and FFs) placed 
near a clock buffer and sharing power rails with the clock buffer, 
are extracted from the layout using clock tree information. 
Then, the elements of impact areas, i.e., the set of nodes which 
potentially causes transitions in the proximity of active clock 
paths, is computed based on the following definitions. This 
information is necessary in the subsequent segment regrouping 
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step. 
Definition 1: Let CA(B) be a set of clock aggressors of a clock 
buffer B,  P be a path consisting of all clock buffers {B1, B2, …, 
Bm} from a gated clock pin to the clock input of a scan FF, and S 
be a set of all clock paths to all FFs in a scan segment {P1, P2, 
…, Pn}. A set of clock aggressors of a path P, called path 
aggressor set, denoted by PA(P) and a set of clock aggressors 
of a segment S, called segment aggressor set, denoted by SA(S) 
are defined as follows. 

𝑃𝐴(𝑃) = �(𝐶𝐴(𝐵𝑖))
𝑚

𝑖=1

 

𝑆𝐴(𝑆) = �(𝑃𝐴(𝑃𝑖))
𝑛

𝑖=1

 

An example is shown in Fig. 4a, where two scan FFs, FF1 and 
FF2, are assumed to form the scan segment S11. Here, PA(P1) = 
CA(B1) ∪  CA(B2) ∪  CA(B3), PA(P2) = CA(B1) ∪  CA(B2) ∪  
CA(B4). As a result, SA(S11) =  PA(P1) ∪ PA(P2).  
Path aggressor sets and segment aggressor sets can be statically 
identified based on the physical locations of circuit nodes, thus, 
each segment is assigned a fixed set of clock aggressors. 
However, not all clock aggressors in a segment aggressor set 
necessarily affect the propagation delay of clock paths. This is 
because only a part of the segments is simultaneously activated 
in scan segmentation. Even though a clock aggressor belongs to 
a segment aggressor set of the active segments, transitions may 
only occur when connected from active segments. Otherwise, 
the clock aggressor has no impact on IR-drop-induced delay 
increase on the active clock path and it is not necessary to take 
it into consideration any more. A clock aggressor impacting 
active clock buffers, called impact aggressor satisfies the 
following two conditions: 
Condition A: The node belongs to at least one segment 
aggressor set of active segments. 
Condition B: The node is structurally reachable from at least 
one scan FF in active segments. 
Definition 2: Let RA(S) be a set of clock aggressors structurally 
reachable from all FFs in a segment S, and let G be a segment 
group composed of segments S1, S2, ..., and Sn to be clocked 
simultaneously. The impact area of G, denoted by IA (G), is 
defined as 

𝐼𝐴(𝐺) = �(𝑆𝐴(𝑆𝑖))
𝑛

𝑖=1

∩�(𝑅𝐴(𝑆𝑖))
𝑛

𝑖=1

 

Thus, the impact area of G contains only impact aggressors that 
may affect active clock paths, i.e., clock aggressors satisfying 
both Condition A and Condition B. An example is shown in Fig. 
4b. Here, two scan segments S11 and S21 are assumed to belong 
to G1. SA(S11) = {N1, N2, N3, N5, N7, N6}, SA(S21) = {N4, N5, N6, 
N7, N8, N9}, RA(S11) = {N1, N2, N3, N5, N7}, and RA(S21) = {N3, 
N5, N6, N8}. In this case, IA(G1) = (SA(S11) ∪  SA(S21)) ∩  
(RA(S11) ∪ RA(S21)) = {N1, N2, N3, N5, N6, N8}. 
From above definitions, the impact area of a segment group 
with arbitrary combinations of scan segments can be derived. 
This information is used to estimate the risk of shift timing 
failures. 

 
Fig. 3.  Concept of LCTI-SS. 
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Fig. 4.  Impact area identification. 

D. Segment Regrouping 
Generally, the number of impact aggressors depends on the 
combination of segments to be simultaneously clocked. The 
smaller the number of impact aggressors, the lower the 
probability of simultaneous transitions at impact aggressors. 
This indicates that it is possible to regroup segments optimally 
so that each segment group has a smaller number of impact 
aggressors. This section presents an effective algorithm for 
segment regrouping, which is another critical step in the 
LCTI-SS scheme.  
The proposed algorithm for segment regrouping uses the 
weighted switching activity (WSA) metric for SSA estimation 
since this metric has good correlation with power dissipation 
and IR-drop at low computational effort [12]. 
Definition 3: The weighted impact of an impact area IA, 
denoted by WI(IA), is defined as  

𝑊𝐼(𝐼𝐴) = �𝑤𝑖

𝑛

𝑖=1

 

where n is the number of impact aggressors in IA, and wi is the 
weight of node i (i = 1, 2, …, n), which can be approximated by 
the number of its fanout branches. 
To find an optimal combination of segments for simultaneous 
clocking with low WI, we formalized the problem of segment 

regrouping as follows: 

Segment Regrouping Problem: Given a scan segmentation 
design with m scan chains and n segments for each scan chain, 
find n segment groups G1, G2, ..., Gn such that the weighted 
impact of the impact area for each segment group Gi (i = 1, 2, 
…, n), namely WI(IA(Gi)), is minimized. 

Theoretically, the total number of segment group combinations 
can be expressed by the following theorem:  
Theorem 1: For a scan segmentation design with m scan chains 
and n segments for each scan chain, the total number of 
segment group combinations is (n!)m.  

Proof: For the first segment group, n segments can be selected 
from each of the m scan chains, which results in nm possible 
combinations. Then, repeating this until the n-th segment group 
result in (n-1)m possible combinations for the second segment 
group, (n-2)m possible combinations for the third segment 
group, ..., and one combination for the n-th segment group. 
Therefore, the total number of segment group combinations is 
as follows: 

�(𝑛 − 𝑘)𝑚
𝑛−1

𝑘=0

= (𝑛!)𝑚 

□ 
Theorem 1 indicates that it is impractical to check all possible 
segment group combinations to find the best one for large 
industrial circuits with a large number of scan chains. Therefore, 
we propose a heuristic two-phase algorithm to efficiently find 
an optimal segment group combination with low SSA at clock 
aggressors. 
The proposed segment regrouping algorithm is shown in Fig. 5. 
In Phase 1, a segment group Gtmp with the maximum weighted 
impact is identified. Segments in Gtmp are placed into separate 
groups G1, G2, ..., Gn in order to divide the segments in the 
worst case segment group into discrete groups. Then, in Phase 
2, a segment Smin is selected such that the union (Gi ∪  Smin) has 
the minimum weighted impact, and Smin is added to Gi. This 
process is repeated until all segments are selected. This 
algorithm tries to reduce SSA at clock aggressors by 
minimizing the weighted impact for each segment group. This 
way, the clock aggressors of this particular segment group in 
the affected area can be reduced. 
As shown in Fig. 5, in Phase 1 and Phase 2 of the algorithm, 
segments are selected one at a time and added to a particular 
segment group. In Phase 1, the segment which maximizes the 
weighted impact of impact aggressors IA for group Gtmp is 
selected. In Phase 2, the segment which results in the minimum 
weighted impact of IA of a particular group G is selected for 
addition to G. 
To find and select the segment with minimum or maximum WI, 
we compute the resulting WI for the considered group and all 
yet-unselected segments. Each segment is selected exactly 
once and before the selection, WI is computed with respect to 
each yet-unselected segment. Thus, the number of WI 
computations is 

�𝑖 =
𝑁𝑆(𝑁𝑆 + 1)

2

𝑁𝑆

𝑖=1
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where NS is the total number of segments. To compute WI, we 
use optimized set operations (union, intersection) on the 
pre-computed sets of segment aggressors SA and reachable 
aggressors RA to reduce runtime. 

 
Fig. 5.  Segment regrouping algorithm. 

IV. EXPERIMENTAL RESULTS 
The proposed LCTI-SS scheme was implemented in C 
language for evaluation. Six largest ITC’99 benchmark circuits 
(b17 to b22) and one industrial circuit (ck1) were used in the 
experiments. The layout was designed using the SAED90nm 
EDK Digital Standard Cell Library with 1.2V power supply 
voltage under typical operating condition. Transition delay 
fault test sets were generated to evaluate SSA at impact areas. 
The profile of the circuits and corresponding test sets is shown 
in Table 1. 

TABLE I 
PROFILE OF CIRCUITS AND TEST SETS 

 

For each circuit, various scan configurations with different 
numbers of scan chains and segments were prepared according 
to the size of the circuit. For b17, b20, b21, and b22, 
configurations with 3, 4, and 5 scan chains were used. For b18 
and b19, configurations with 10, 30, and 50 scan chains were 
used. For ck1, configurations with 100, 200, 300 scan chains 
were used. Conventional scan segmentation with 3, 4, and 5 
segments were applied and LCTI-SS is then performed for each 
configuration. Since our objective is to reduce IR-drop on clock 
paths by reducing switching activity at impact areas, ideally, 
dynamic IR-drop analysis for all individual shift cycles should 
be performed for exact evaluation. However, this is 
computationally too expensive due to the large number  of shift 
cycles in the entire test sequence. Therefore, we computed 
WSA at impact areas for every shift cycle and then picked the 
100 cycles with highest WSA at an impact area for dynamic 
IR-drop analysis using a commercial tool. For each cycle, the 
average IR-drop at clock buffers along clock paths to an active 
segment group was extracted. We compared the proposed 
LCTI-SS scheme with conventional scan segmentation in terms 
of the weighted impact WI, WSA at impact area, and average 
IR-drop at active clock buffers. 
Table 2 summarizes the experimental results. The reduction 
ratio of the maximum and the average weighted impact (“WI”), 
the maximum and the average WSA at impact areas (“WSA at 
IA”), and the maximum and the average of the average IR-drop 
at active clock buffers (“Avg. IR-drop at clock buffers”) among 
segment groups are shown in columns 4 to 9. CPU runtime for 
segment regrouping (“CPU (s)”) is shown in column 10. 
As can be seen in the table, the weighted impact WI, our direct 
objective for reduction in segment regrouping was reduced on 
average by 6.5% and 3.1% for maximum WI and average WI, 
respectively.  This indicates that the probability of signal 
transitions on the nodes in impact area is effectively reduced. 
The WSA at impact area was also reduced on average 6.1% for 
maximum WSA and 1.1% for average WSA. The correlation 
coefficient between WI and WSA was computed as a measure 
of the strength and direction of the linear relationship. The 
correlation coefficient gives the value between -1 and +1 
inclusive. The result was 0.6, which shows a good correlation. 
As to the average IR-drop at active clock buffers for the worst 
100 cycles of the WSA at impact area, while the correlation 
with WI was very low, both maximum and average of the 
average IR-drop among cycles were effectively reduced. The 
maximum reduction exceeded 36% in the case of b18 with 10 
scan chains and 4 segment groups. In addition, effective 
IR-drop reductions at clock buffers can be seen for the largest 
circuit ck1. Moreover, the runtime of the proposed segment 
regrouping algorithm was relatively short even for the large 
industrial circuit with a high number of scan chains and FFs. . 
This indicates that this algorithm is applicable for large 
industrial designs with millions of gates. 
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TABLE II 
EXPERIMENTAL RESULTS 

 

V. CONCLUSION 
This paper proposed a novel layout-aware scan segmentation 

design scheme called LCTI-SS to address an emerging problem 
—IR-drop-induced shift clock skew—that can severely damage 
test power safety due to scan shift failures.  The LCTI-SS 
scheme identifies an optimal or near optimal combination of 
scan segments for simultaneous clocking so that shift switching 
activity in the proximities of active clock paths is reduced. As 
demonstrated by experimental results, the proposed scheme can 
effectively reduce instantaneous IR-drop at active clock buffers. 
This helps to reduce IR-drop-induced shift clock skew, thus 

improving shift safety in scan testing. We are currently 
conducting additional experiments to evaluate the delay 
difference at adjacent scan FFs. In addition, to further improve 
shift safety, development is under way of an accurate metric for 
the segment regrouping algorithm which is well correlated with 
IR-drop at active clock buffers. 
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