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This paper proposes a generic multi-dimensional scan shift control concept for mul-
tiple scan chain design. Multiple scan chain test scheme provides very low scan power by
skipping (selectively load/unload) many long scan chain switching activities. Based on
the two-dimensional scan shift control, we can achieve low test power with simple and
small overhead structure. We can further extend the scheme to a generic N dimension test
scheme. The proposed scheme skips many unnecessary don’t care (X) patterns to reduce
the test data volume and test time. The experimental results of the proposed 2-D scheme
achieve significant improvement in shift power reduction, test volume and test time re-
duction. Compared with traditional single scan chain design, the large benchmark b17 of
ITC’99 has over 50% reduction in test data volume and over 40% reduction in test time
with little area overhead, around 1% routing overhead, and the power reduction is over
97%.
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1. INTRODUCTION

Due to the increasing number of devices in one chip, the VLSI design faces a great
challenge in the increasing test cost. Test power, test data volume and test time are all
important issues in testing field. When the chip is in test mode, some test patterns acti-
vate all the blocks inside the chip, which causes large power consumption and may dam-
age the chip during test [1]. Another issue is test data volume. The memory capacity of
ATE (Automatic Test Equipment) is limited but large test data volume forces the test
company to upgrade the ATE, which is very costly. If the test time is reduced, the chip
test process cost will also be reduced.

Ravikumar in [2] lists some power reduction techniques like scan cell reordering,
scan chain segmentation, and scan chain disabling. In fact, multiple scan chain is a kind
of scan chain segmentation and it can also be implemented as scan chain disabling tech-
nique. Multiple scan chain has shorter sub-scan-chain length and that really reduces much
scan shift power. [3, 4] use this kind of techniques to reduce test power. Researchers in [5]
and [27] further reduce the scan pins by using multi-cast technique. In order to diminish
the switching activities of the test pattern, minimum transition fill (MT-fill) in [6] is one
of the low test power techniques. With the help of encoding technique, researchers in [7]
apply Golomb coding to shrink the test data volume and transitions of the test pattern.
Linear feedback shift register (LFSR) based technique is also a popular test architecture.
By using extra registers and control signals, the embedded test pattern generator [8] can
generate low power test pattern [9-11]. In order to disable the unnecessary switching

Received March 3, 2010; revised July 21, 2010; accepted September 7, 2010.
Communicated by Yao-Wen Chang.

1943



1944 CHIA-YT LIN AND HUNG-MING CHEN

activities in a multiple-scan-chain scheme, [4] only deals with the necessary scan-in data
and scan-out data. Furthermore, authors in [12] try to minimize the distance between scan-
in data and scan-out data.

The test circuit complexity increases, so does the test data volume. Test pattern
compression is one of the solutions to reduce the large test data volume. Various encod-
ing techniques have been applied in this field. Huffman encoding, Golomb encoding, and
9 code encoding have been proposed and these techniques provide different compression
results [13, 14]. Due to the large amount of X bits in test pattern, researches modify the
test structure and manipulate the test pattern to reduce scan-in data [15, 16]. In addition,
researchers in [17-19], and [26] use memory array concept to fill the test pattern into the
scan flip-flops. This concept can also reduce test power, test data volume and test time at
the same time. In test time reduction, researchers in [20, 21] apply bypass technique to
test the multiple modules or segments in one chip to reduce scan-in time. Authors in [22,
23] calculate the X bit distribution in the test pattern to segment a long scan chain to
multiple scan chain. The scan-in data passes through mux to the determined segment,
which can reduce many scan-in cycles.

In this paper, we propose a generic multi-dimensional scan shift control idea for
multiple scan chain design. We can fulfill the multiple scan chain control design and re-
duce test power, test data volume and test time. The rest of this paper is organized as fol-
lows. Section 2 presents the proposed 2-D scan architecture and the concept of our
methodology. Section 3 presents the test data manipulation details and implementation
flow. Section 4 presents the 3-D architecture. Section 5 shows the experimental results
with ISCAS’89 and ITC’99 circuits. Section 6 discusses the limitation of the proposed
scheme. Section 7 concludes this paper.

2. PROPOSED ARCHITECTURE

The proposed scheme uses memory block concept to design multiple scan chain. By
using two-dimensional scan shift control as location indicator, each sub-scan-chain can
operate independently in scan-in mode. Fig. 1 shows the proposed two-dimensional scheme.
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Fig. 1. The proposed multiple scan chain architecture with 2-D 4 x 4 scan shift control chains.
Combined with the proposed methodology, this test scheme can achieve low test power,
small test data volume, and short test time with very little area overhead.
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Scan control 1 and 2 indicate the sub-scan-chain location. When the location of the sub-
scan-chain is determined, the specific test pattern is shifted from the scan input. While
the scan-in operation is running, the scan-out data is shifted out from the scan output.

Since we need the scan-out data to check the correctness of the chip fabrication, we
consider the scan-in test patterns and the scan-out patterns simultaneously when we en-
code these test patterns. Because there are many X bits sequences inside the test pattern,
we can use scan control to skip the scan-in and scan-out operations. With the help of
scan control, the proposed scheme saves test power, test data volume, and test time si-
multaneously.

Fig. 2 shows the design details of the proposed scheme. The scan control 1 applies
control signals to the control circuit of each sub-scan-chain in each column. The scan
control 2 provides the row bank control signal. Fig. 3 reveals the control circuit design
by logic gates. Scan control 1i in Fig. 3 (a) connects to the flip-flop signal 17 in Fig. 3 (b).
Scan control 2 uses the same principle to connect to the control signals. From Figs. 2 and
3, we can perceive that the scan input signals will be masked if the control signal does
not enable the sub-scan-chain.
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Fig. 2. The design diagram of the proposed test architecture with routing connection details.
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Fig. 3. Circuit design of the proposed architecture; (a) shows the signal path of the sub-scan-chain
design concept. The shift clock also needs to be activated or disabled during the scan op-
eration; (b) presents the details for one scan control chain.
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2.1 The Two Test Mode of the Proposed Scheme

This scheme has two scan modes: regular scan mode and skipping scan mode. The
regular scan mode shifts the test pattern from the first sub-scan-chain to the last sub-
scan-chain in order. The skipping scan mode shifts the required sub-scan-chain patterns
only. Fig. 4 shows the waveform of the behaviors of the control signals in regular scan
mode. Fig. 5 shows the waveform of the behaviors of the control signals in skipping
mode. In fact, we need to add 2 bits of control data to deliver the test patterns to the cor-
rect sub-scan-chains. This way, we can reduce many unnecessary shifting operations in
skipping scan mode. We use rising edge trigger as examples in Figs. 4 and 5. The scan
control 1 and 2 need one clock to shift the scan control chain data when the clock enable
1 and 2 are activated.
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Fig. 4. Regular scan mode waveform. In regular scan mode, the test patterns are shifted one seg-
ment by one segment.
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Fig. 5. Skipping scan mode waveform. The test patterns in skipping mode contain signal control
codes which skip the segments with all X bits. In this figure, the 15th and the 16th cycles
skip two segments of sub-scan-chains, which can reduce the test cost.

2.1.1 The working behavior of the regular scan mode

The first cycle of the regular scan mode and skipping scan mode is the same. Both
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of the first flip-flop values in the scan control 1 and 2 are reset to 1 to indicate the
scan-in data location. From Fig. 4, test data are shifted into the sub-scan-chain from the
scan input during the next 6 cycles and the data inside the sub-scan-chain flip-flops are
shifted out from the scan output. The scan control 1 shifts the value 1 from the first
flip-flop to the second flip-flop to indicate the next sub-scan-chain at the 8th cycle. At
the 29th cycle, the first flip-flop value of scan control 1 is set to 1 again and the first
flip-flop value of scan control 2 is shifted to the second flip-flop. These regular opera-
tions shift the test patterns into each of the sub-scan-chain.

2.1.2 The working behavior of the skipping scan mode

The skipping mode operation is shown in Fig. 5. The first flip-flop value of the scan
control 1 and 2 is reset to 1. The operations of 15th and 16th cycles shift the flip-flop
value of scan control 1 from the 2nd flip-flop to the 4th flip-flop. Due to the five succes-
sive skipping control codes, this scheme skips 5 sub-scan-chains from the 23rd cycle to
the 27th cycle. The first flip-flop of scan control 1 sets value to 1 and shifts the flip-flop
value of scan control 2 from the first flip-flop to the second flip-flop at the 23rd cycle.
The flip-flop value of scan control 1 shifts from the first flip-flop to the fourth flip-flop at
the 24th, the 25th, and the 26th cycles. The first flip-flop of scan control 1 value sets to 1
and shifts the flip-flop value of scan control 2 from the second flip-flop to the third flip-
flop at the 27th cycle. With these operations, the proposed architecture can skip a lot of
unnecessary scan in data.

3. TWO-DIMENTIONAL SCAN SHIFT CONTROL OPTIMIZATION
METHODOLOGY

This section will introduce the optimization methodology on test volume, test time,
and test power for the proposed two-dimensional scheme. The methodology consists of
scan control data definition, sub-scan-chain data segmentation, and scan-in data encoding.
First, we define the codes to be added to the new test patterns. Second, we propose the
guidelines to get the flip-flop numbers in each scan control design. Third, a heuristic en-
coding method is applied to reduce test data volume. Finally, we recommend an imple-
mentation flow to realize this test scheme.

3.1 Control Signal for Encoding

We define a 2-bit control signal coding method for the proposed scheme. The defi-
nition of the control signal codes are listed below:

o Code 00: Regular scan signal
e Code 01: Skipping one segment
e Code 11: Skipping multiple segments

Fig. 6 shows the encoding example which adds extra control signals to the test pat-
terns. The original test data size is 42 bits and the encoded test data size is 32 bits in this
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Original scan—in data and scan—out mask data
XXXXXX  XXXXXX  XXTXXX  XXXXXX ~ XOX1XX  XXXXXX  XXXXXX
XXXXXX  XXXXXX  XXXXXX  XXXXXX  XXXXX1  XOXXXX  XXXXXX

Encoded scan—in data

11 01 00001111 01 00000111 00000000 01
Fig. 6. An encoding example of control signal. In this example, we consider scan-in and scan-out
data simultaneously because the scan-out date need to be observed. The scan-in data should
push the previous test results for observation. The original test data size is 42 bits in this
example. By applying our encoding method, the scan-in test data is shrunk to 32 bits.

example. Both of the scan-in and scan-out data in the first and the second segments are all
X bits. Because of the successive skipping operation, the first skipping code is 11 and the
second skipping code is 01. The first two bits of each segment are control code. However,
not all of the test patterns need to be encoded. If the encoded test pattern length is longer
than the original test pattern length, the encoding is not necessary. In this example, we
encode the original test data. We need a simple decoder to decode the two-bit control code
to operate the scan control. Finally, we can shift the test data into the correct sub-scan-
chain and shift out the previous test result.

3.2 Sub-Scan-Chain Data Design

The flip-flop number of scan control 1 (Lscy;) and 2 (Lscyn) are estimated from the
total scan chain length (Lzscz) in Egs. (1) and (2). Designer can use the value as reference
and choose the approximate value as the implementation value. The length of sub-scan-
chain (L) is calculated by the Eq. (3).

Lgeny = \/3 Lyser (D
Lgens = \3/ Lyger, 2

Lyoq = (Lyscr +Lgent) + Lsena ?3)

The length of the sub-scan-chain segment is affected by the length of control 1 and 2.
If we have long Lgcn and Lgcy,, we will have short Ly, and have more chance to get a
segment of test pattern with all X bits. However, the area overhead will be higher due to
the long length of Lgcy; and Lgcyy. Designer can choose the value around (or smaller than)
the reference value to implement the test architecture.

3.3 Scan-in Data Encoding

Since the definition of the control code and the approximate value of the scan con-
trol 1 and 2 are determined, we need to apply the control code to the test pattern. The
pattern will be assigned as skipping scan mode pattern if the encoded pattern is shorter
than original one.
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Fig. 7. The proposed test design flow. In order to integrate the proposed scheme design into the
traditional design flow, we insert an extra stage after the scan chain synthesis.
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Fig. 8. The test scheme for stacked 3-D IC.

3.4 Implementation Flow

In order to realize the proposed test scheme to the traditional design flow, we add an
extra step to the design flow. The extra step inserts the two-dimensional scan control cir-
cuits after the scan chain synthesis stage. The proposed design flow is shown in Fig. 7. In
the insertion stage, we insert the proposed two-dimensional scan shift control circuits into
the design. The extra codes consist of wires, flip-flops, and combinational logic gates.

4. THE 3-D ARCHITECTURE

We further extend the 3rd dimension of the proposed architecture. The circuit design
shows in Fig. 8. In this scheme, we need 1 scan input pin and 3 scan control pins. Each
block in Fig. 8 can be seen as a 2-D based scan design. The 3rd dimension needs extra
logic gates to control the 2-D blocks. The routing complexity in 3-D architecture is higher
than 2-D architecture.

From the view of shift power, the multiple scan chain technique reduces many un-
necessary switching activities. The 1-D, 2-D and 3-D based scan design will have similar
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shift power. From the view of test data volume and time, 3-D architecture needs one
more bit than 2-D. That will cause a little overhead in test data volume and time.

The shift operation of the 3-D architecture is similar to the proposed 2-D scheme.
Every sub-scan-chain is controlled by the 3 control pins. The test pattern is shifted in
from the scan input pin and sub-scan-chain selection is controlled by the scan control
chains. Since the 3-D scheme has one more control pins than the 2-D scheme. The control
signal should be different but similar.

5. EXPERIMENTAL RESULTS

The experimental results on ISCAS’89 and ITC’99 benchmark circuits are provided
in this section. The test patterns are generated by Synopsys TetraMAX [24]. The power
estimation method is weighted transition metric (WTM) from [6] and the implementation
technology is UMC’s 0.18um cell library. In order to get the power comparison results, we
use the single scan chain test patterns and fill the X bits with 0’s to normalize our results.

5.1 The Results on Test Power, Volume and Time

The results including test power, test volume, and test time are shown in Table 1.
The second column is the total number of test patterns (V). The third column is the pat-
tern length (L,,,). The fourth, fifth, and sixth column are the number of flip-flops in scan
control 1 (Ncl), 2 (Nc2), and sub-scan-chain length (Lseg). Thews View» and Py, present
new test time, new test data volume, and new test power of the proposed scheme. New
test time and new test data volume are normalized by the single scan chain design. TCy-
cleyew (cycle), Vol (bit), and Pwr,, (sw) are total test cycles, new test data volume,
and switching activities during shift-in and shift-out. New test power is normalized by the
power of filling all X’s with 0’s. The test time calculation contains control cycles and
data shift cycles.

The original test power is calculated by scan-in and scan-out power. Because the
proposed scheme consists of extra control scan chains, the power of the proposed scheme
includes switching activities of each sub-scan-chain and the extra control scan chains.
Table 1 shows that the test power consumption (P,.,) in each circuit. For example, the
b17 circuit has 11 scan control flip-flops in scan control 1, 11 scan control flop-flops in
scan control 2, and 12 scan flip-flops in each sub-scan-chain. Compared with the tradi-
tional single scan chain design, the power consumption, test data volume, and test time
with our test scheme are 1.1% (98.9% reduction), 46.5% (53.5% reduction), and 54.7%
(45.3% reduction).

Table 1 shows the results of the same length of LSCN1 (the length of scan control 1)
and LSCN2 (the length of scan control 2). We further calculate the test power, test data
volume, and test time of the circuit b17 in different number of scan control flip-flops and
present the results in Figs. 9 (a)-(c). Due to the various distributions of the X bits in the
test patterns, different numbers of scan control flip-flops settings achieve different test
power, test data volume, and test time reduction results.

From Table 1 and Fig. 9 (a), we can get a small power consumption result and a small
test data volume result but the test time may not be the smallest one. Because large num-
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Table 1. The experimental results show that the test power, test data volume and test
time rate are reduced by applying small number of extra flip-flops in this
scheme. Compared with traditional single scan chain and fill all X bits with 0’s,
the proposed scheme provides low test power, small test data volume, and
short test time, especially the large circuit (b17 or b22).

Circuit| Ny, | Ly |Nc1|Nc2| Lgy | TCycleney | Thew (%) | VOluew | View (%) | PWrney | Prew (%)
s38584| 125 (1426 7 | 7 | 30 176815 98.4 170940 95.9 310788 2.2
8|8 | 23 175504 97.7 167629 94 239380 1.7
919 | 18 175573 97.7 165698 93 187584 1.4
10|10 | 15 173833 96.8 161958 90.9 154458 1.1
1111 12 173980 96.8 159230 89.3 128460 1
s38417| 337 (1636 7 | 7 | 34 197004 35.6 180828 32.8 308037 2.2
8| 8| 26 200370 36.2 179476 32.6 234601 1.7
919 | 21 207436 37.5 181487 32.9 191813 1.4
10|10 | 17 220272 39.8 187920 34.1 155887 1.2
11|11 14 233678 423 194586 353 135869 1
s35932| 24 (1728 8 | 8 | 27 34625 80.2 33065 79.7 82900 1.7
919 | 22 34352 79.6 32480 78.3 69450 1.4
10|10 | 18 34374 79.6 32046 77.3 56962 1.2
11|11 15 34894 80.8 32134 77.5 47698 1
12112 12 35580 82.4 32100 77.4 40102 0.9
s15850| 141 [ 534 | 4 | 4 | 34 71763 94.7 69648 92.5 83207 6.8
5151 22 71616 94.5 68232 90.6 51563 4.5
6|6 | 15 71523 94.3 66588 88.4 35491 32
7071 11 72796 96 66028 87.7 26043 2.4
8| 8 9 74316 98 65997 87.7 21679 2.1
s13207| 147 | 638 | 4 | 4 | 40 82675 87.6 80470 85.8 116005 6.4
5151 26 79186 83.9 75658 80.7 77529 4.3
6 |6 | 18 73447 77.8 68302 72.8 50673 3
707 14 71547 75.8 64932 69.2 38213 2.4
8|18 | 10 71157 75.4 61896 66 29985 1.9
bl7 | 707 (1415| 7 | 7 | 29 572073 57.1 538137 53.8 679904 2.3
8|8 | 23 534450 53.4 491323 49.1 524170 1.9
919 | 18 538858 53.8 483712 48.4 413066 1.5
10|10 | 15 538118 53.7 471660 47.1 388532 1.3
1111 12 548098 54.7 465379 46.5 297902 1.1
b22 | 510 (735 5|5 | 30 312340 83.2 300100 80.1 595370 4.4
6|6 | 21 285200 75.9 266840 71.2 408164 3.1
7171 15 289577 77.1 264077 70.4 297170 2.3
8|8 | 12 290554 77.4 259444 69.2 243230 1.9
919 10 299668 79.8 262438 70 205050 1.7

ber of scan control may reduce the test data volume, the test time increases due to the
long scan control time. In fact, Fig. 9 (b) shows that we can get the smallest test data
volume with 10 flip-flops in scan control 1 and 9 flip-flops in scan control 2. The total
extra scan flip-flop number is 19 and test data volume is 45.5%. Moreover, Fig. 9 (c)
shows the shortest test time. With 10 flip-flops in scan control 1 and 9 flip-flops in scan
control 2, the total test time is 51.6%.
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Test power with different number of flip-flops

"Test_power.dat" «——

Test time with different number of flip-flops

"Test_time.dat" e—e—

Number of flip-flops

(c)
The test power, volume, and time results of bl7 circuit by applying different number of
flip-flops in control 1 and 2. The x and y axes are horizontal. They represent the number of
flip-flops in control 1 and control 2. The z axis is vertical, which represents the normalized
value. This shows that different number of flip-flops in scan control 1 and 2 can get differ-
ent results in test power, data volume, and time. And the prediction numbers from Egs. (1)-
(3) are reasonable and provide good results.

Table 2. Power and test data volume comparison.

Results in [11] Results in [9] Proposed results

Circuit

Compression Power Compression Power Compression Power
(%) reduction (%) (%) reduction (%) (%) reduction (%)

513207 94 25 94 53 34 98.9

515850 90 25 93 52 12.3 97.9

s38417 92 25 95 52 64.7 99

s38584 94 25 93 40 9.7 99

Table 2 shows the power and test data volume comparison with previous works. We
compare the result with test data reduction rate (Compression (%)) and power reduction
rate (Power reduction (%)). The proposed scheme does not reduce as much test data vol-
ume in [9, 11]. However, the proposed scheme gets very power consumption.
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5.2 The Realization of the Test Design

We use Cadence SOC Encounter [25] as placement and routing tool to implement
the ITC’99 b17 circuit. The setting of aspect ratio is 1 and the core utilization is 0.9. With
8 flip-flops in scan control 1 and 8 flip-flops in scan control 2, we get 84918 1um in total
length after detail route. Compared with the traditional one scan chain design, we have
1% extra routing overhead. We also provide the area and wire length results in Table 3.
The first column is the traditional single scan chain design results (Original). The second
column is our test scheme results (Our scheme). And the third column is the overhead
results. The core area overhead, cell area overhead, and routing overhead are all around
1%. The routing result image of b17 circuit is shown in Fig. 10.

Table 3. The implementation overhead results of ITC’99 b17 circuit.

Original | Our scheme | Overhead (%)
Core area (um”"2) 357057.994 | 360752.641 1.035
Cell area (um”2) 321350.198 | 324676.598 1.035
Total wire length (um)| 840521.1 849181.42 1.03

Fig. 10. The routing result image of b17 circuit. The white lines are the scan-in paths.

6. DISCUSSION

With the 3rd dimension of scan control, the original 2-D scheme is independent in
each stacked IC. We can use the 3rd dimension scan control to test each stacked IC inde-
pendently. If we have the same sub-scan-chain number in each stacked IC, we can save
data volume to record the difference of each stacked IC. However, if the sub-scan-chain
numbers are different in each stacked IC, we need to record the difference in the test
pattern file. We do not consider the ATE which can only perform fixed length and fixed
cycle test to each test pattern in this paper, that is one of our work’s limitation.
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Although the proposed scheme is similar to random access schemes, the proposed
schemes focus on the smaller area overhead. Because the random access schemes use
hardware decoders to access each scan flip-flop directly, the test time and test power in
random access schemes might have better performance than the proposed schemes. The
proposed schemes are tradeoff solutions.

6.1 1-D vs. 2-D vs. 3-D Multiple Scan Chains in Area Overhead

In multiple scan chain schemes, we can use one control chain to deal with these
sub-scan chains. We can call this kind of scheme as one-dimensional (1-D) scheme.
Compared with the conventional 1-D scan control multiple scan chain scheme, Table 4
provides the comparison results. Although one-dimensional scan control multiple scan
chain schemes also provide small shift-in power, the proposed two-dimensional scan
control scheme has fewer control flip-flops than one-dimensional scan control scheme.
In order to provide fair comparison, the results of Table 4 apply the same sub-scan-chain
length (L) in these two multiple scan chain schemes. The fourth column is the total
number of extra flip-flops of the conventional one dimension multiple scan chain in scan
control 1 (#FFs CMSS). The fifth column is the total number of extra flip-flops in scan
control 1 and 2 of the proposed 2-D test scheme (#FFs 2-D). The last column of Table 4
shows the extra flip-flops in scan control 1, 2 and 3 in the 3-D test scheme (#FFs 3-D).

Table 4. The overhead comparison with conventional one-dimensional multiple scan
shift scheme. The proposed 2-D and 3-D scheme have significant reduction in
the number of scan control flip-flops.

Circuit | #FFs | L, | #FFs CMSS | #FFs 2-D | #FFs 3-D
s13207 | 638 14 46 14 11
s15850 | 534 | 11 49 14 12
$35932 | 1728 | 15 116 22 15
s38417 | 1636 | 17 97 20 14
s38584 | 1426 | 15 96 20 14
bl7 1415] 15 95 20 14
b22 735 12 62 16 12

6.2 Multi-Dimensional Scan-Control Scheme Overhead Analysis

We have discussed about 2-D and 3-D scheme. In this section, we generalize the
scan control length to Ly, (Lsen1, Lsen2s ---» Lsenm) @s Eq. (4). The assumption is that each
scan control dimension has the same number of flip-flops. The general overhead equa-
tion of m multi-dimension scheme is shown in Eq. (5). Numy is the total number of
flip-flops in Eq. (5). In order to get an integer number of the L., we can get the ceiling of
the value (rLsc,,—b but the length of each scan control dimension should be adjusted at the
same time. Fig. 11 shows the L., and extra flip-flops of the generic scheme. From Fig. 11,
we can see that the extra number of flip-flops decreases very fast between 1-D and 2-D
and the overhead of flip-flop number between 3-D to 6-D almost the same. However, the
control signal routing overhead has not considered in this analysis. In recent design, we
recommend 2-D or 3-D to implement this test scheme because high dimension may cause
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Extra overhead analysis of multi-dimensional = Lscn
scheme in 10000 scan flip-flop design —— Flip-flops
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Fig. 11. Extra overhead analysis of multi-dimensional scheme. The horizontal axis is the number of
dimension. The vertical axis is the overhead. We use a 10000 scan flip-flops design as ex-
ample to demonstrate the results.
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7. CONCLUSION

In this paper, we propose a multi-dimensional scan shift control test scheme to re-
duce test power, test data volume, and test time with small area overhead. The results
show that the power reduction in each benchmark circuit is significant in the 2-D test
scheme. The test data volume and test time in each circuit are also improved in each cir-
cuit. The circuit area overhead of the 2-D scan shift control scheme is better than the
conventional one dimension scan control multiple scan chain scheme. Due to the simple
control technique, the proposed 2-D scheme only has a little area overhead than tradi-
tional single scan chain design in area and routing. The improvement of large circuits is
especially significant, which indicates that the proposed scheme can scale to large circuit
designs. We further extend this concept from 2-D to 3-D and compare the overhead of
these test schemes. We recommend 2-D or 3-D test scheme to implement in the design
with 10000 DFFs because high dimension of controls may cause routing overhead. How-
ever, the gain is decreased in high dimension schemes. Finally, we provide the estima-
tion Eqgs. (4) and (5) as reference index in implementing this kind of test scheme.
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