IEICE TRANS. ELECTRON., VOL.E93-C, NO.3 MARCH 2010

369

| PAPER Special Section on Circuits and Design Techniques for Advanced Large Scale Integration
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SUMMARY  With the advancement of VLSI manufacturing technol-
ogy, entire electronic systems can be implemented in a single integrated
circuit. Due to the complexity in SoC design, circuit testability becomes
one of the most challenging works. Without careful planning in Design For
Testability (DFT) design, circuits consume more power in test mode oper-
ation than that in normal functional mode. This elevated testing power may
cause problems including overall yield lost and instant circuit damage. In
this paper, we present two approaches to minimize scan based DFT power
dissipation. First methodology includes routing cost consideration in scan
chain reordering after cell placement, while second methodology provides
test pattern compression for lower power. We formulate the first problem as
a Traveling Salesman Problem (TSP), with different cost evaluation from
[18], [19], and apply an efficient heuristic to solve it. In the second prob-
lem, we provide a selective scan chain architecture and perform a simple
yet effective encoding scheme for lower scan testing power dissipation. The
experimental results of ISCAS’89 benchmarks show that the first method-
ology obtains up to 10% average power saving under the same low routing
cost compared with a recent result in [19]. The second methodology re-
duces over 17% of test power compared with filling all don’t care (X) bit
with 0 in one of ISCAS’89 benchmarks. We also provide the integration
flow of these two approaches in this paper.
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1. Introduction

In System-on-Chip (SoC) era, chip design and testing en-
gineers have encountered more and more new design chal-
lenges. Due to the need of DFT, modern design has made
external testing more difficult than before. During scan test-
ing, the power dissipation is the critical issue because test
vectors require a large number of shift operations and make
circuits with high transition activity [1]. In fact, circuits may
consume twice or more power in test mode than in normal
functional mode operation. Scan power issue may cause
several problems including the increase of product cost, cir-
cuit reliability reduction, instant circuit damage, decrease of
overall yield, and autonomy decrease in portable systems
[2],[20]. Some works [34],[35], [37] formulate the prob-
lems as IR drop and apply pattern filling techniques to deal
with these problems.

When dealing with high-performance modern ASICs
and SoCs, a nondestructive test must satisfy all the power
constraints defined in the design phase. In the past, because
test needed only to cover stuck-at faults, tests typically ran at
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lower speed than normal circuit working frequency. More-
over, the scan-based architectures consume a lot of power
because each test vector requires a shifting operation to ini-
tialize scan cells and evaluate test responses. There are sev-
eral approaches proposed to reduce average power during
scan testing operation. It is feasible to reduce testing power
consumption by lowering scan frequency, but it will increase
testing application time and will not be suitable for high
complexity and advanced SoC design which may need at-
speed testing. Low power Automatic Test Pattern Gener-
ation (ATPG) algorithm concerns both fault coverage and
low power issue [21]. But this approach needs more test
vectors to achieve the same fault coverage comparing with
traditional ATPG approach. It also increases test time.

Test power consumption reduction by chaining scan
cell with low power order is proposed in [22], [23]. How-
ever, [22] cannot guarantee short scan chain interconnection
length and may cause congestion problems during scan rout-
ing. In order to avoid the routing congestion, [18] constrains
power-optimized scan chain connection length by partition-
ing the chip into several regions and chaining scan cells with
low power order in each region. Since this approach parti-
tions chip by geographical criteria, the number of scan cells
in each region may not be well-distributed. When there are
few scan cells in some cluster, this cluster will suffer from
poor power optimization ratio. [19] further proposes to par-
tition the chip by balancing the number of scan cell in each
region and makes more power reduction comparing to [18].
In [18] and [19], although they have shortened scan chain
connection length by partitioning chips, they still have im-
pact on routing wire length. And the stronger the constraint
on the longest scan chain length is, the larger the number of
clusters is. Consequently, if the number of clusters becomes
larger, test power reduction will become smaller.

On the other hand, in addition to scan chain reorder-
ing approach, test data compression can be another way to
achieve low power scan testing. In [3], [24], [25], test data
compression is used for test volume and test application
time reduction. Moreover, [4], [8]-[10] use various test data
compression techniques for reducing scan power, test vol-
ume, and testing time. [5]-[8] applies multiple scan chain
concept in test power reduction. [4],[9],[10], [15] use test
resource partitioning techniques, including Huffman coding,
Golomb coding and alternating run-length coding skills for
test data compression. However the overhead of extra circuit
designs are considerably high, such as finite state machines
generation and resultant circuit area. In [36], a mask based
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XOR network with EDT [38] test structure is used to reduce
the switching activities.

In this paper, we propose a methodology to reduce test
power consumption by considering routing congestion in
scan based architecture and selective test data compression.
For routing congestion consideration in scan chain design,
we formulate it as a traveling salesman problem (TSP) with
different cost function from previous approaches [18], [19],
and discuss the tradeoff between power and routing over-
head. Although those approaches [18], [19] can reduce rout-
ing overhead when chaining scan cells with power driven
strategy and design partitioning, these approaches may omit
some good choices of scan cell pairs which have both low
transition number and short connection length. Since we do
not constrain power driven chaining scan cells in specific
regions, our approach can achieve up to 10% power saving
under the same routing cost in $9234 benchmark compared
with [18]. Our experimental result is also better than [19]
which has 1-3% improvement comparing to [18]. We have
obtained at most 57% routing cost improvement under the
same test power consumption as well. For test data com-
pression technique to further reduce test power, we obtain
averagely over 11% power reduction with small decoder cir-
cuit overhead, compared with the testing power in original
test pattern length. The test volume reduction rate is 37% in
average for six ISCAS’89 benchmarks. Our new scan archi-
tecture is easy to implement with synthesis tools. We further
integrate these two approaches and obtain a better power re-
duction percentage, compared with filling don’t care (X) bit
with O in original test pattern, and shorter scan chain wire
length consideration.

The remainder of this paper is organized as follows. In
Sect. 2, we briefly describe power optimization scan chain-
ing proposed in [22], routing constraint driven approaches
on low power scan chain (LPSC) proposed in [18], [19], and
test data compression techniques for low power in [8]-[10].
In Sects. 3 and 4, we present our approaches on how to con-
sider both power and routing constraint issues, and our new
scan architecture and selective test data compression tech-
niques. In Sect.5, we show the experimental results and
conclude the paper in Sect. 6. This paper is an extended ver-
sion of [14].

2. Low Power Scan Testing by Chain Design Consider-
ing Routing Cost and Test Data Compression

In IC design flow, scan cells and testing circuit are inserted
after synthesis procedure. The scan chain connection will
be broken before going into placement phase to prevent scan
chain from having great impact on routing congestion. Then
scan cells will be reordered with layout driven chaining al-
gorithm. As for scan chain reordering, there have been many
papers about shortening scan chain length and reducing scan
chain routing congestion [26], [27]. As chip complexity and
operating frequency evolve dramatically, scan chain reorder-
ing should not only focus on area overhead reduction, but
also should take care of power consumption issue, such as
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Fig.1 (a) Example set of scan-in vectors and output response. (b) Cor-
responding weighted graph. Nodes represent scan cell and edges represent
connection between nodes. The edge weight is bit difference between two
scan cells.

[28]. In addition to scan chain ordering schemes, test data
compression is an effective approach to reduce test power
and test volume at the same time. We review some low
power driven scan chain ordering methods in [18],[19],
[22], [28] and some test data compression techniques for low
power issues [8]-[10].

2.1 Power Driven Scan Chain Reordering

The dynamic power, P=X 1/2* C; * f * Vdd?* * S, where
Cy; is the equivalent output capacitance which is strongly
correlated to its fan-out number, Vdd is the power supply
voltage, and S; is switching probability. According to the
equation, we can reduce test power by decreasing the num-
ber of scan transition activities. In [22], a low power-driven
scan chain ordering approach applied a heuristic algorithm
to minimize scan chain power. In this algorithm, it uses the
test data which are generated from scan cell insertion tool
and automatic test pattern generator.

The proposed approach procedure is as follows. First,
we construct a complete undirected graph: vertex represents
scan flip-flop and each edge represents possible connection
between two scan cells. The weight of each edge repre-
sents the total number of bit differences between two scan
cells. Figure 1(a) illustrates scan flip-flops and scan vec-
tors. We calculate bit differences between each pair of flip-
flops on the scan-in vectors and output responses. For ex-
ample in Fig. 1(a): d(ff1,ff2)=6, d(ff1,{f3)=3, d(ff1,{f4)=2,
d(ff2,f£3)=5, d(ff2,ff4)=4, d(ff3,ff4)=5. Figure 1(b) shows
the corresponding weighted graph. Second, we use greedy
algorithm to find Hamiltonian cycle with optimal low cost.
From the optimal low cost cyclic solution, we estimate
power for each flip-flop by determining scan-in and scan-out
ports and find a minimum cost cutting edge. The solution
is near-optimal scan cell order with much lower transition
number during scan chain shifting operation.

2.2 Routing Constrained Low Power Scan Chains

The power driven scan chain reordering approach from pre-
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Fig.2  Example of power driven chaining scan cells for s9234 obtained
from [22]. It contains high routing congestion.

vious subsection has drawbacks mainly in creating rout-
ing congestion and long scan connection in the design. To
show this point, Fig.2 shows $9234 benchmark (has 211
flip-flops) routing result with power driven scan chain re-
ordering. In Fig.2, nodes represent the position of scan
cells in the design and edges are connections between scan
cells. Although the power driven approach can efficiently
reduce power (27% power reduction compared to length
driven scan chain reordering), the routing result is not op-
timal and has pretty high routing congestion.

In order to reduce the routing overhead in power driven
scan chain ordering, [18] proposed a chips partition method
with geographic criteria and scan chain flip-flops in each
cluster with low power driven order. In this approach, it
definitely can shrink low power scan chain length, but the
testing power reduction may be low when there are few flip-
flops in a cluster. To improve power reduction ratio in each
cluster, [19] proposed a better version on partitioning chips
with well distributed scan flip-flops in each cluster. This
approach can slightly increase testing power reduction ratio
and the total wire length of the scan chain remains almost
the same with [18]. From the experimental results described
in [18], [19], we observe that the testing power reduction and
scan chain connection length are strongly correlated with
the number of clusters. If there are more clusters, the power
reduction ratio will be less and the scan chain length will be
shorter. In fact, we will show that we do not have to partition
the chip and obtain the same tradeoff easier.

[28] proposed a technique for reordering of scan cells
to minimize power dissipation that is also capable of reduc-
ing the area overhead of the circuit compared with a ran-
dom ordering of the scan cells. They use dynamic minimum
transition fill (MT-fill) to fill the unspecified bits in the test
vector. They use this greedy/intuitive heuristic to achieve
locally optimal scan cell ordering, however this sequential
approach may not have big picture in lowering scan test
power. Furthermore, although they use a tradeoff parameter
A to control relative importance of those two terms, it is not
easy to specify a good value. We will show that our tradeoff
parameter can provide better flexibility in giving power or
routing cost minimization solution.
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2.3 Test Data Compression to Achieve Lower Scan Test-
ing Power

There are some previous works using compression tech-
niques to achieve low power test. For example, [§]-[10] use
test data compression techniques for reducing scan power,
test volume, and testing time. In [9], [10], they used Golomb
coding and alternating run-length codes for low power scan
testing and test data compression. Moreover, [16] uses dic-
tionary based method with memory to compress test data.
This method uses memory storage inside chip to save com-
pressed code in it and reduces the shift in data size. Another
strategy is saving the encoding information in circuit [17]. It
provides an inverter-interconnect based decompression net-
work to decode the test data.

We use decoding scheme to implement a low power
architecture to achieve test data compression and low test
power. This architecture needs some decoders to decode
fewer bits of shift-in data. The experimental result shows
that this approach reduce a lot of scan power and test data
size. Although our compression scheme needs some routing
resources, that is unavoidable cost. In the integrated flow,
our reorder technique can alleviates the overall routing cost.

3. Simultaneous Power and Routing Cost Minimiza-
tion in Scan Chain Design

In previous works ([18], [19]), they focus on chaining scan
cells with power driven order in each cluster and find that
test power reduction ratio is strongly correlated with the
number of clusters. They then chain each cluster with a
knowledge based architecture. Although [18] and [19] both
can reduce routing overhead which is induced by power
driven scan cell chaining by partitioning the design, these
approaches may omit some good choices of scan cell pairs
which have both low transition number and short connection
length. In order to consider test power and routing length
minimization, we propose reordering scan chain with cost
function which can take both power and routing length into
consideration. In this way, this approach can make scan
chain reordering process to find a better scan chain order
solution without limiting in specific regions. In the follow-
ing subsections, we will delineate how the edge weight is
defined and how good quality of the scan chain order can be
found.

3.1 Weighted Graph Construction Using Power And Rout-
ing Cost

In power driven scan chain ordering [22], it can definitely
get low transition scan chain order. However, this approach
has not yet considered the physical information of the scan
chain in the design and resulted in routing cost issue. In or-
der to improve routing overhead in LPSC ordering, this ap-
proach constructs a weighted undirected graph G(V,E) and
uses distance cost and bit difference cost between each pair



372

Heuristic TSP Algorithm
begin
while un — toured nodes exist
minimum_cost = 00;
minimum_cost_edge = 0;
for each edge
if edge_cost<minimum_cost
if edge does not form loop when edge is
added into tour
minimum_cost:=edge_cost;
minimum_cost_edge:= edge;
end
end
end
Add_Edge_into_Tour(minimum_cost_edge);
Delete Node(node); //delete this nodefrom un — toured nodes
Delete_Edge(minimum_cost_edge); //delete this edge from edge database
end
end

Fig.3  Our algorithm for finding low-power scan chain order.

of flip-flops to obtain edge weight. Vertices represent scan
cells and edges represent connections between scan cells.
The edge weights are given by formula (1).

Edge_weight(i, j)
= (1 = B) = Dist(i, j)/L + B = Bit_Diff (i, )/IN (1)

where Dist(i, j) is the direct connecting distance between
i-th scan cell and j-th scan cell, Bit_Diff (i, j) is number of
bit differences between test vectors in i-th scan cell and j-th
scan cell, L is diagonal length of the chip, N is total number
of scan-in and response vectors, and 3 is the parameter that
controls how much effort we pay to scan power consumption
and it is ranged from O to 17. Because the unit of Dist(i, j)
and Bit_Diff (i, j) are differently scaled, we normalize direct
connecting distance of scan cell i and j by diagonal distance
of the chip and normalize number of bit difference by total
number of scan-in and response vectors.

3.2 Efficient Heuristic in Finding Min-Cost Scan Chain
Order

After weighted graph is constructed, we need to find a path
with minimum cost. This problem can be formulated as a
TSP problem, which is known as NP-complete. In order
to generate an acceptable solution efficiently, we implement
a heuristic algorithm to get a competent low cost solution.
Our algorithm shows in Fig. 3.

The complexity of this algorithm is O(|V||E|), where
|V] is number of flip-flops and |E| is number of edge in the
weighted graph.

For circuits, which contain a large number of flip-flops,
solving by TSP problem could be time-consuming. We can
shrink the graph by grouping the nodes in the graph based
on a threshold value in edge cost. The nodes will be grouped
when their associative edge cost are below a threshold value.
Then we apply the same algorithm. Since we want low cost
trip in TSP, using this technique can reduce the complexity
and achieve comparable results. After we find the low cost
scan chain order, we can estimate the power for two scan
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cells of entrance of this scan chain to decide scan-in port
and scan-out port.

3.3 Power Estimation for Scan-in and Scan-out Ports De-
termination

When scan chain order has been decided, we need to define
scan-in and scan-out port because the number of transition
activities is not only related to the number of bits difference
between scan cells but also strongly correlated to their rela-
tive positions. In order to choose which one of scan cells in
the beginning of the scan chain, we need to estimate power
for these two orders. To estimate scanning power dissipa-
tion, we use weighted transition model proposed in [29].

The estimation of scan-in and scan-out power in our
scan chain order is the formula (2) (from [29]):

Weight _Transition
= X(Size_of Scan Chain — Pos. of Trans.) (2)

From this power estimation function, we can decide
which one of scan cell in the beginning scan chain to be
scan-in port and which one to be scan-out port for this low
power dissipation scan chain.

4. Selective Test Data Compression Technique for Low
Power Scan Testing

For further test power reduction after scan chain reordering,
we propose a simple yet effective selective test data com-
pression method to reduce the input test pattern size and to-
tal power consumption. In this method, we will compress
some selected test patterns and use another compressed scan
chain (CSC) as input data. We then shift the compressed
data into CSC. The CSC decodes the compressed data to
the normal scan chain (NSC) by additional decoders. The
following subsections introduce our selective scan chain ar-
chitecture and scan test power minimization strategy via
test data compression. Our integrated methodology flow is
shown in Fig. 4. Our scan chain reordering technique and
low power test compression technique are applied after tra-
ditional ATPG, which is suitable for modern design method-

ology.

4.1 The Selective Scan Chain Architecture for Lower Scan
Power

The proposed scheme applies a new architecture and an op-
timization flow to achieve lower power and smaller test data
volume. The selective scan chain architecture is shown in
Fig. 5. All the test patterns are divided into two groups: first
group of test pattern is used for CSC, the shift-in patterns
are compressed form; second group of test patterns is used

"We apply this tradeoff parameter 8 which can be used by de-
signer to specify the relative importance of power and routing cost.
Different from [28], our parameter is very easy to specify (ranging
from O to 1).
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Fig.4 Our proposed methodology to reduce scan testing power by
power-driven scan chain reordering and selective scan chain optimization.
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Fig.5 Our selective pattern-compression architecture, which contains
compressed scan units and decoders. A compressed scan unit provides test
data to normal scan chain.
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Fig.6  Small overhead for decoder circuit used in our CSC. Figure 6(a)
shows the decoder example. The CSC code are 0 and 1, while the codes
map to NSC codes are 0000 and O111. Figure 6(b) is another decoder
example. The CSC codes are 00,01, and 10, while the codes maps to NSC
are 0001, 1101, and 1110.

in NSC, the shift-in patterns are not compressed. In this ar-
chitecture, CSC uses the first group of test patterns which
has more X bits to manipulate. X bit ratio is the ratio of the
X in a single pattern length (SPL). And we use X bit omit ra-
tio as an indicator to separate the test patterns. If X bit ratio
of a test pattern is smaller than the selected X bit omit ratio,
the pattern belongs NSC group, otherwise the test pattern
belongs to CSC group.

Compressed patterns need special decoders to extract
the test patterns to NSC. Figure 5 shows the one scan unit
to four bits (1-unit-to-4-bit) decoder structure with original
scan chain and compressed scan chain. Each compressed
scan unit is composed of one or more scan cells and pro-
vides decoding results to the normal scan cell as test data.
Figure 6 shows the decoder circuit examples. Figure 6(a)
has one scan cell in compressed scan unit, and Fig. 6(b) has
2 scan cells in compressed scan unit. Because the decod-
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Test data set NSC
Less
01X00X... X bit 01100%...
0XX0XX... :> 01X01X..
............ :> X1XX0X...
More |
XO0XXX... XXXO0XX...
X bit
CSC

Fig.7 Pattern selection stage. After we get the partitioned test data set,
we use X bit omit ratio to determine which test data row should be put into
CSC data set and which test data row should be put into NSC data set.

ing scheme is simple, the decoder circuit is small as well.
The number of scan cells in each scan unit are generated
by the optimization methodology. After introducing our test
architecture, following subsections present the optimization
methodology on test data.

4.2 Optimization Methodology for Test Data Compression
and Further Power Reduction

Our methodology consists of three stages. First stage is pat-
tern selection, it sets the X bit omit ratio in order to select
patterns for CSC. Second stage is pattern compression, it
merges 4-bit length of test patterns in the same column of
test sets. The first column is the first 4-bit in each test pat-
tern. Third stage is power optimization stage. In this stage, it
uses shorter pattern length and applies greedy search method
to find the smallest power consumption code in CSC column
by column. Each X bit omit ratio provides one result for test
data volume and power consumption. By evaluating all ra-
tios, we can get an optimal ratio for power minimization.

4.3 Pattern Selection Stage

This stage separates the test patterns into two groups by X
bit omit ratio. The test patterns are generated from auto-
matic test pattern generation (ATPG) tool, such as Syntest-
TurboScan [11] or TetraMax [12]. First group of test pat-
terns is for CSC, and the second group is for NSC. First
group of test patterns for CSC needs further compaction,
while second group of test patterns for NSC uses normal
shift method to test circuit. If test pattern’s X bit ratio is
smaller than given X bit omit ratio, this test pattern will be-
long to the NSC group, otherwise it will belong to CSC.
Figure 7 shows that less X bit pattern is put into NSC group.
Total original test size in equation (3) and total new test size
in equation (4) are used to calculate the test data volume in
this paper.

Original_test_sizeya1
= Pattern_number,.; X SPL,4 3)
New_test_sizepral
= Omit_pattern_number X SPL,,,
+ Selected_pattern number X SPL,., @
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Column |Column Column Column Column
1 2 3 4 5
X000 1111 0010 10XX XXX0 1
X000 1XXX X000 1XXX XXXX X
X000 X11X 1101 00XX XXX1 0
X001 1011 00X0 01XX XXXX 1

@)

Column |Column Column Column Column
1 2 3 4 5
0000 1111 0010 1000 1000
0001 1011 1101 0000 0101
0010 0001 0000 0100
0011 1100 1000 1100
0100 1000 1111
0101 0100 1100
0110 1110 0001
0111 1010 1011

0110

1110

1010

(b)

Column |Column Column Column Column

1 2 3 4 5

110 110 0010 00 1 1
110 000 0000 01 0 0
110 111 1101 11 0 0
100 100 0000 10 0 1

(©)

0000 1111 0010 1000 1000 1
0000 1010 1000 1100 0101 0
0000 1110 1101 0000 0101 0
0001 1011 0000 0100 0101 1

(@

Fig.8 Pattern compression example. (a) shows the original format of
the first four original test patterns been selected for CSC and it is separated
by 4-bit per column. (b) After the test patterns are merged by the pattern
compression stage, all of the X bits are filled with 0. The result shows
that each column has different number of merged patterns. (c) As the test
pattern for CSC are encoded by the power optimization stage, the encoded
data for CSC has smaller size than the original one. Here we show the first
4 patterns that will be shifted into CSC. (d) is the codes of the first 4 test
patterns that will be decoded from CSC to NSC.

SPL,., is the CSC test data length that comes from
compressed scan unit (shown in Fig. 5).

4.4 Pattern Compression Stage

After test patterns for CSC are determined, these patterns
are compressed by the pattern compression stage. This step
merges pattern with X bits. For example, X000 and 0000
can be merged into pattern 0000. As can be seen, Fig. 8(a)
lists the first four test patterns which are selected for CSC.
The test data is separated by four bits per column. It has 5
columns and 1 residual bit at the end in this case. This pro-
cedure starts to merge two test patterns from the first pattern
of the first column to the last pattern of the first column until
the first column completely merged. Then, it starts to merge
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Pattern Compression Algorithm
Original N bits Test Pattern with M column TP(M,N)
fork=1to M
for i=1 to N-1
forj=ito N
if ( TP(k,i),TP(k.j) can be merged then
TP(k,i)=merged result
TP(k,j)=NULL
end
end
end
end

Fig.9  Our pattern compression algorithm. TP(M,N) is test pattern array
(shown in Fig. 8(a)).

the first pattern of the second column. Patterns in each col-
umn are independently merged. Figure 8(b) is the example
of the merged pattern results. It fills all X with O to each
merged pattern at the end of this stage. Our pattern com-
pression algorithm is shown in Fig. 9.

Column 1 in Fig. 8(b) shows that it has 8 merged pat-
terns. It means that this column needs 3 bits to encode the
8 merged patterns. Similarly, columns 2, 3, 4, and 5 need
3-bit, 4-bit, 2-bit, and 1-bit respectively. Because column 3
still needs 4 bits to encode in this case, there is no gain on
volume reduction. Test data in this column is not changed.
Finally, the new test data length in this case is 14 bits since
the residual bit is also added at the end of new test data.

4.5 Power Optimization Stage

In order to minimize the shift-in power with the new test
data, the greedy search method are applied in each column
to get the new test data. Figure 8(c) shows the new test
data which is in compressed form. This stage maps new test
data code to the merged pattern from previous compression
stage. This stage transfers new test data code to the origi-
nal test pattern. For example, The first column of Fig. 8(b)
has 8 different merged codes. After the power optimization
procedure, we get the result in Fig. 8(c). It shows that the
first 4 test pattern mapping are 110, 110, 110, and 100 in
column 1. That means the shift-in data for CSC is 110 and
the decoded result is 0000 (shown in Fig. 8(d)) for NSC in
the first column of the first test pattern.

In this stage, we try to calculate the smaller transition
mapping of the new test code from the first column. Be-
cause the first column in Fig. 8(b) has 8 different codes, it
needs 3 bits to encode them. The permutation of 3 bits, with
8 new encoded data, is 40320(8!). The optimization method
calculates all of the encoding results and selects the fewest
switch power encoding from the first column. Next, this pro-
cedure starts to encode next column and selects the fewest
switch power encoding. The greedy method obtains the low
power encoding results at the final of this stage. The encod-
ing results become new test data for CSC. Figure 10 shows
our power optimization algorithm.
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New Test Pattern with M column NTP(M,N)
Initialize the previous test data as 0
for i=1 to M
Initialize cost T as a large number
len=length of NTP(i,1)
if len<4
for k=1 to (2'™)!
get one permutation of encoding NTP(i,N)
tmpT=caculate the transaction count of NTP(i,N)
if (tmpT<T ) then
tmpNTP(@i,N)= NTP(i,N)
end

end|
NTP(i,N)=tmpNTP(i,N)
end

Fig.10  Our power optimization algorithm. NTP(M,N) is new test
pattern array (shown in Fig. 8(c)).

5. Experimental Results

The experimental results with this approach on circuit
benchmark of ISCAS’89 family [30] show in this section.
In order to simplify scan-based test power estimation, we
use number of transition in scan chain as dynamic power
unit and normalize it with routing driven scan chain order-
ing to highlight the power reduction ratio. The results are
verified using PrimePower [13] and the estimation error is
within 3%". As for interconnection length of scan cells cal-
culation, we use direct connection length between scan cells.

The circuit characteristics and testing vector informa-
tion are shown in Table 1. The deterministic testing vec-
tors are generated from Syntest-TurboScan [11]. The lost
of fault coverage (FC) is due to circuit design and aborted
faults. The second column of the first part in the table shows
the number of gates which NOT gates are included and the
third column shows the number of D flip-flops. In the sec-
ond part of the table, we show the number of testing vectors
for each circuit benchmark and corresponding fault cover-
age. Note that the value in Table 1 will not be changed dur-
ing the process.

5.1 The Results for Routing Cost Aware Scan Chain Or-
dering

The first part of experimental results of our approach are
shown in Table 2. The second row PR represents power re-
duction ratio and WL represents routing length of all scan
cells. The placement result is generated from the placer
which follows the design of Dragon standard-cell placement
tool [31], [32]. We also follow the assumption from [18] that
there is a strong connection between routing length and rout-
ing congestion. We start by setting 8 with 0 and increase the
value by 0.2 until 8 is equal to 1. For each benchmark, we
show its power reduction ratio and scan chain interconnec-
tion length. All power reduction ratios are normalized to
ratios with 8=0 of each benchmark which has best routing
cost and poorest power consumption. From Table 2, we can
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Table 1  Characteristics of ISCAS’89 benchmark and its DFT
information.
Circuit Name | # Gates | # DFFs # Vectors FC
$5378 2779 179 114 98.7
$9234 5597 211 154 94.5
s13207 7951 638 249 99.1
s15850 9772 534 133 98.1
$35932 16065 1728 40 91.3
s38417 22179 1636 346 99.9

see the tradeoff between testing power and scan chain rout-
ing cost. For example, although s13207 has 6.9% higher
power reduction ratio in §=0.4 than that in 5=0.2, it cost
43.9% longer in wire length. With our well defined cost
function, we observe that the power saving ratio is almost
linearly increasing with 8 from O to 1. From this result, test-
ing designers can control tradeoff between power consump-
tion and routing overhead more intuitively.

We have implemented [18] to compare the experimen-
tal results with our approach. Table 3 shows the experimen-
tal result of [18] in our platform. As previously shown, all
power reduction ratios of each benchmark are normalized
to results of routing congestion driven scan chain reorder-
ing. The experimental results show that the more clusters
we use, the less the power reduction is and the shorter the
scan chain length is, and the trend is the same as shown in
[18]. Furthermore, the advantage of our approach is clearly
shown in Fig. 11, which we compare the result from Table 3
and our proposed approach. The horizontal axis is routing
wire length and the vertical axis represents power reduction
ratio compared with pure routing driven scan chain reorder-
ing. We can see that our approach has more power reduc-
tion ratio under the same routing overhead. We also have
less routing overhead under the same power reduction ratio.
Table 4 validates the above statement and shows averagely
43% routing cost improvement.

In Fig. 12, we show scan chain routing graph of $9234
benchmark with four clusters in (a) and 5=0.6 in (b). We
can explicitly observe the advantage over routing congestion
under the same test power saving ratio which is around 19%
in this example. As for approach in [19], which clusters
chip with well distributed flip-flops, their approach has 1-
3% improvement in power reduction ratio and has about the
same routing overhead compared with [18] in benchmark
$9234. We then deduct from Table 3 that our approach has
both better power reduction and routing cost compared with
approach in [19].

5.2 The Results for Selective Scan Chain Architecture
The second part of experimental results is shown in Table 5

and Fig. 13. We use 1-unit-to-4-bit compressed scan unit
strategy in our experimental architecture. It shows that dif-

"We assume that the fan-out loading of each scan flip-flop is
the same. However, the fan-out loading of each scan flip-flop may
differ from each other. This is why we have variation in estimating
switching power.
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Table2  Average power reduction and routing length with 5=0 to 1. This shows the tradeoff between
power consumption and routing cost of scan chain ordering. The wire length unit is ym.
$5378 $9234 $13207 s15850 $35932
B value || PR(%) WL PR(%) WL PR(%) WL PR(%) WL PR(%) WL
$=0.0 0 6.37E+2 0 9.03E+2 0 1.95E+3 0 2.05E+3 0 1.78E+4
£=0.2 8.99 6.79E+2 11.80 | 1.09E+3 8.74 2.37E+3 8.29 2.31E+3 0.66 1.78E+4
B=0.4 16.23 | 8.43E+2 1530 | 1.48E+3 15.13 | 3.41E+3 13.56 | 2.84E+3 3.26 1.79E+4
B=0.6 23.56 1.21E+3 1930 | 2.41E+3 21.34 | 5.72E+3 18.17 | 3.93E+3 8.07 1.83E+4
B=0.8 27.96 1.91E+3 22770 | 3.88E+3 28.9 1.16E+4 23.89 | 6.68E+3 15.24 1.96E+4
p=1.0 3452 | 4.44E+3 27.08 | 7.08E+3 30.03 | 2.98E+4 30.03 | 2.33E+4 39.23 | 7.52E+5
Table 3  Experimental results of approach in [18] in our platform Table4  Wirelength comparison of our approach and previous work [18]

(s9234). The last row shows the result of the routing driven scan chain re-
ordering which obtains best routing congestion but worst power consump-

under the same power reduction ratio. WLIMP means the routing cost
improvement percentage.

tion.

$9234

# cluster | PR(%) WL
1 27.08 7.08E+3
2 21.04 5.09E+3
4 19.02 3.78E+3
9 18.28 2.84E+3
16 17.26 2.54E+3
36 14.81 1.87E+3
64 10.52 1.73E+3
100 7.95 1.55E+3
256 4.18 1.25E+3
3136 0.57 9.54E+2

Routing Driven Scan Chain Reordering

1 0 ] 6.94E+2

‘ — Power Driven and Cluster = = Our Method ‘

00%
e

5005

000%

15.00%

10.00%

PR(%) || WL[18] | WL(Ours) || WLIMP(%)
0 9.54E+2 | 9.03E+2 5.6
11.8 1.73E+3 | 1.09E+3 56
15.3 1.87E+3 | 1.48E+3 26
19.3 3778E+3 | 2.41E+3 57
22.7 5.09E+3 | 3.88E+3 31
27.08 7.08E+3 | 7.08E+3 0

(a) (b)

Fig. 12

saving ratio.

Experimental result of benchmark s9234. (a) By [18]. The de-
sign is partitioned into four clusters and has power saving ratio 19.02%. (b)
By our approach. The f is set to 0.6 and has power saving ratio 19.30%.
It is clear that our approach provides better wiring with the same power

Test Power Reduction Ratio

500

ii L L L L L L

200%
O00EH0 LB 200B4B S00EH3 400EHB SHEMS OMEA3 THEA3  BO0E:3

Routing Length

Fig.11  Comparison of experimental results with approach in [18] and
ours for s9234, showing that our approach has outperformed [18] both in
power and routing cost reduction.

ferent circuits need different X bit omit ratio to obtain the
smallest test data size and lowest test power. The results are
normalized the result of filling all X bits with 0.

For test data volume reduction comparison, we com-
pare our results with [39] since these two approaches are
similar. In Table 6, our reduction rate and the selected
code method in [39] are similar. Both methods use 4 bits
block as encoding source. The selected code uses simple-
to-decode strategy to implement, which can reduce the com-
plexity in decoder design but the test data volume would
be higher than the optimal Huffman encoding. Our method

Table 5  Experimental results of scan chain pattern reduction and power
reduction in ISCAS’89 benchmarks.
orig [new reduce orig test | opt power] reduce
SPLISPL] volume (%) power in CSC | power(%)
85378 | 179 62 33.6 257404 | 217176 15.6
89243 |211| 64 34.1 609802 | 516847 15.2
$13207|638 163 49.6 2048046 | 1910626 6.7
s15850(534 |144 359 20671203| 1946605 5.8
$35932(1728/451 32.1 6222396 5160967 17.1
$38584(1426399 40.9 17510442 16046133 8.4
average 37.7 11.5

only optimizes the encoding column by column but not all
of columns at one time. That also degrades the compres-
sion ratio. Finally, both of the methods provide similar well
compression results.

5.3 The Integrated Methodology
We further proposed the integrated flow of these two ap-

proaches to obtain more power reduction in test power, and
at the same time gain better tradeoff in scan chain wire
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New test power in $38584 circuit

S 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Don't care bit omit ratio(%)

(b)

Fixed output scheme experimental results of ISCAS’89 circuits in new total test size and

power consumption using one scan chain architecture with different omit ratio. New total test size is
normalized to original test size. Power consumption is normalized to power of all X bits fill with 0. (a)
For s38584, we can get the total optimal size reduction rate 50% at X bit omit ratio of 75%. (b) The
power reduction rate of s38584 at X bit omit ratio of 90% is 8.4%.

Table 6 Compression results comparison. The test patterns provide
100% fault coverage and the block size of selected code method [39] is
4.

Volume reduction rate of | Our volume reduction
selected code [39] rate
$5378 45.6 33.6
$9243 40.1 34.1
s13207 48.8 49.6
s15850 35.8 35.9
Table 7  The cost weights for the patterns containing X bit in chain
ordering technique of our combined approach.
Pattern Cost
XX 0
X0 or 0X 0.5
X1 or 1X 0.5
10 or 01 1

length. The flow is shown in Fig.4. Since we do not de-
fine the X bit pattern in our chain ordering technique, we
can defined the cost weights for those patterns with X bit.
Table 7 shows the pattern cost example.

6. Conclusion

In this paper, we propose two approaches to alleviating test
power issue by routing cost driven scan chain design and
selective test data compression. Since it does not constrain
chaining scan cells in a specific cluster region, the first ap-
proach has more freedom to choose better scan cell connec-
tion. With well defined cost function for weighted graph, it
obtains better test power and routing cost optimization more
explicitly. It also provide better tradeoff parameter for more
flexibility in power or routing cost optimization. To further
reduce test power consumption after scan cell reordering,
the selective test data compression is provided for smaller
test power and test data volume with limited area overhead.
However, the limitation of the decoder’s performance also
needs to be explored in this low scan power architecture de-
sign.
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