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Abstract

This paper proposes an SoC test architecture generation
framework. It contains a database which stores the test cost
information on several DFTs for every core, and DFT
selection part which performs DFT selection for test cost
minimization using this database in the early phase of the
design flow. Moreover, the DFT selection problem is
formulated and the algorithm which solves it is proposed.
Experimental results showed that bottlenecks in test
application time when using the single DFT method for all
cores in a SoC are reduced by performing DFT selection from
several DFTs. As a result, the whole test application time is
drastically shortened.

keywords : test scheduling, test access mechanism, wrapper,
design for test

1. Introduction

With the progress of the semiconductor process technology,
the gate count of SoCs are increasing as large as one hundred
million gates through the use of 100 nm process design rule
toward 2010. As the size of the SoC is getting larger, the
reduction of the design productivity will be the most important
issue. The technologies that solve this issue are the design
reuse methodology and design automation at the high level
design phase. Research and development of these
technologies is the key to innovate the SoC design
methodology.

In order to reduce design time, SoCs consist of a large
number of reusable cores. To test such SoCs, a test pattern is
prepared for each core, and the modular testing of embedded
cores are carried out. Effective modular test requires efficient
management of the test resources for core-based SoCs. This
involves the design of core test wrappers and TAMs (Test
Access Mechanisms), and the scheduling of core tests. In
recent years, many research works relevant to these have been
presented.

Core test Wrapper design and TAM design are important
since they have impact on hardware overhead and test
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application time. There are three main approaches to achieve
accessibility of embedded cores. The first approach is based
on test bus architectures by which the cores are isolated from
each other in test mode using a dedicated bus [1][2][3] around
the cores to propagate test data. The second approach uses
boundary scan architectures [4][5] to isolate the core during
test. The third approach uses core bypass mode [6] or
transparency [7][8][9]. Wrapper/TAM design include wrapper
optimization, core assignment to TAM wires, sizing of the
TAMs, and routing of TAM wires. So, Wrapper and TAM
co-optimization approach [10] is one of the important
subjects.

The objective of test scheduling [11][12][13] is to minimize
test application time under one or more of the following
constraints: maximum TAM width, maximum allowed power
dissipation. Furthermore, optimal wrapper width selection and
test scheduling techniques have been proposed [14][15].

Most of the above research works assume scan design as a
core's DFT, or do not mention about a core's DFT. To cope
with the testing of large and complex SoCs, the modular
testing of embedded cores will have to rethink. For the core
which is reused in a high level design methodology, the test
integrator has to determine the DFT method along with the
required quality and cost. For this reason, the technique of
determining an SoC test architecture including DFT of each
core, taking test cost and test quality into consideration, during
the early design phase is needed.

In this paper, we present the DFT selection method for
reducing test application time under the following constraints:
maximum TAM width, maximum allowed power dissipation,
total area size, test data size. The proposed technique does not
consider TAM design issue. Each core's DFT is chosen from
scan design or non-scan DFT [16][17].

This paper is organized as follows. In section 2, a
framework of SoC test architecture generation is proposed. In
section 3, the core’s DFT method and the precondition of this
research work are described. In section 4, the formulation of
the DFT selection problem and the algorithm which solves it
are proposed. It is followed by experimental results in section
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5. Finally, section 6 concludes this paper.
2. A Framework of SoC Test Architecture
Generation

Fig.1 shows our SoC test architecture generation
framework. The framework consists of the following stages.
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(a) SoC Test cost Test Cost (e)
(RTL) estimation Information
Database
DFT
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3) Selection ®
DFT for each Core \ |_information |
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schedule  |®
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Fig.1 Framework

(1) Test Cost Estimation
Input: SoC design
Output: Each core’s estimated test cost information for
several DFTs

The test cost information on each core is estimated, and
the result is output to the test cost information database. In
addition, for each core, the test cost information on two or
more DFTs are estimated. Test cost information includes
the following information.

- Test application time
- TAM width
- Power dissipation
- Area size
- Test data size
(2) DFT selection
Input: Test cost information
Output: The selected DFT and correspondent test
schedule for each core.

Each core’s DFT selection is optimized to reduce the
total test application time, and each core’s selected DFT
and test schedule are output.

(3) DFT
Input: The information of each core’s selected DFT, and
core design (before DFT)
Output: Core design (after DFT)

According to DFT selection information on each core,

design for test of each core is performed.
(4) ATPG

Input: Core design (after DFT)

Output: Test pattern (core I/F)

The test pattern of the core is created using existing
ATPG tools.
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(5) Wrapper Design
Input: Test pattern (core I/F)
Output: Wrapper design, Test pattern (Wrapper I/F)

Core test Wrapper is designed in this stage. Based on
the test pattern of a core, the bit width compression
function is incorporated if needed. Moreover, the test
pattern is modified to match the interface of the designed
Wrappers.

(6) TAM Design
Input: Top level of the SoC, Core design (after DFT),
Wrapper design, test pattern (Wrapper or core I/F),
Test schedule
Output: SoC design which includes Wrappers, TAMs, and
each core’s DFT

The simultaneously tested cores are divided into several
TAMs according to the test schedule, and an SoC design
which include TAMs is created. Moreover, the test pattern
of each core is edited and output with the interface of SoC

pin.

The framework uses the following data or information.
(a) SoC (RTL)
RTL described SoC design.
(b) Core (After DFT)
Core design (after DFT).
(c) Wrapper
Core test wrapper design. The bit width adjustment
function is incorporated, if needed.
(d) SoC (Gate level, After DFT)
SoC design which includes Wrappers, TAMs, and each
core’s DFT.
(e) Test Cost Information Database
The database where each core’s estimated test cost
information for several DFTs are stored.
(f) DFT selection information
Each core’s DFT method which was selected to reduce
the total test application time.
(g) Test Schedule
Test start time and test end time of each core.
(h) Test Pattern (Core I/F)
Each core’s test pattern.
(i) Test Pattern (Wrapper I/F)
The test pattern which is modified to match the interface
of the Wrapper.
(j) Test Pattern (SoC I/F)
The test pattern which is modified to match the interface
of the SoC pins.

The DFT selection part is especially important among the
above mentioned framework. The test integrator determines
the SoC'’s test strategy, including DFT of each core, taking test
cost and test quality into consideration in this early design
phase. So, we propose the DFT selection method in section 4
to reduce test cost under the following constraints: maximum
TAM width, maximum allowed power dissipation, total area
size, and test data size (Fig.2).
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Fig.2 DFT selection
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However, when the number of chains is large, as shown in
Fig.3, the scan chain length becomes a stair function. Thus
even if TAM width increases, test application time is not
always shortened [14].

The preconditions for scan design are as follows.

(1) The number of scan chains shall be chosen in the range of
1 to max (the number of input ports of the core, the number of
output ports of the core). However, in the stair function portion
shown in Fig.3, only the pareto-optimal-points[14] are
adopted.

(2) The frequency of the test clock is assumed to be 1/5 of the
system clock of normal operation.This assumption is based on
the survey of some product data.
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3.2. Non-Scan DFT method

Scan design methods have the following disadvantages
concerning test cost and test quality:

- The additional test circuits for DFT cause the degradation

of performance.

- The test length is very long.

- It is not suited for at-speed-testing.

In order to drastically improve the above-mentioned
disadvantages while keeping complete fault efficiency,
non-scan DFT methods[16][17] for RTL design circuits were
proposed. In this paper, the non-scan DFT method (NS-DFT)
of reference [16] shall be chosen as another DFT of a core.

The preconditions for NS-DFT are as follows.

(1) Several Wrappers (Fig.4) with bit width compression
function must be prepared, and the choice of TAM width shall
be given.

In our implementation, we use the coding technique using
EOR network [18][19] for input data compression, and we use
EOR tree for the output data compression. In addition, these
compression techniques do not change the test length.

(2) The frequency of the test clock is the same as the system
clock at normal operation.
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Fig.4 Example of Wrapper design for NS-DFT

4. DFT Selection Problem Formulation and
Algorithm

4.1 DFT Selection Problem Formulation

We formulate the DFT selection problem as follows.
Inputs:
(1) Test cost information on each core : D=Dj; (Wjj, Pij, Vij, aij
tj) Here, wy, i, Vij, i, tij are, respectively:
wij: TAM width of core i to which DFT j is applied.
pjj: maximum power consumption of testing core i to
which DFT j is applied.
a;i: Area of core i to which DFT j is applied.
viji: The amount of test data of core i to which DFT j is
applied.
tij: Test application time of core i to which DFT j is
applied.
(2) Maximum TAM width of the SoC : W



(3) Maximum available peak power of the SoC: P
(4) Maximum amount of the total test data size: V
(5) Maximum area of the SoC: A
Outputs:

The information of each core’s selected DFT information
and test schedule
Objective:

The test application time of the SoC is minimum, and
constraints (Input: (2), (3), (4), (5)) are satisfied.

To solve this problem, an algorithm is proposed in the next
paragraph.

4.2 Algorithm

The algorithm is shown in Fig. 5. The following variables

are used in this algorithm.
(1) C: Variable to store test cost information on each core: C;
(DFT;, w;, pi, vi, &, t;)
DFT;, wi, pi, Vi, 8, t; are, respectively:
DFT;: DFT of core i.
w;: TAM width of core 1.
pi: Power consumption of core i.
a;: Area of core 1.
v;: Test data volume of core i.
t;: Test application time of core i.
(2) Cinit: Test cost information under initial DFT selection.
(3) Ccurrent: Variable which stores the test cost information
under the present DFT selection.
(4) Cbhest: Variable which stores the test cost information
under DFT selection of the minimum test application time.
(5) current_tat: Variable which stores test application time.
(6) best tat: Variable which stores the minimum test
application time.
(7) trial_tat: Variable which stores test application time.

At the first step, intial DFT selection and the test cost
information Cinit are created (linel). Initialize the variable
which stores the test cost information current tat with the sum
of the test application time of each core of initial DFT
selection (line2).

Next, test scheduling aiming at the formation of the
minimum test application time is performed with the
rectangle packaging algorithm[14][15]. The return value of
the above-mentioned algorithm is the test application time of
the whole SoC. This result is stored in variable best_tat (line4).

Hereafter, while best tat is updated, change the DFT
selection and test scheduling repeatedly (line5-line24). The
loop iteration is as follows.

current_tat is updated with the value of best_tat (line6). Test
cost information C under the present DFT selection is held as
Ccurrent (line7). The following process are performed on all
DFTs of each core (line8-1ine20).

C is updated by the test cost information C’ that DFT was
changed about one core (linel0 - 11). Test scheduling is
performed (linel2). Consequently, if the obtained test
application time is shorter than best _tat (line13), best_tat w ill
be updated (line14) and test cost information C will be stored
as Chest (linel5). After all DFTs of the concerned core are
tried, C is written back to Ccurrent (linel8). Then, after all
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core’s trial, if best_tat is updated after trying all cores and all
DFTs (line21), Cbest is transposed to C (line22), and go back
to the line 6 (line24), otherwise it ends. DFT of each core of
Cbest obtained at the end is the solution of DFT selection
algorithm.

Procedure DFT decisionO W PA V)

1 Define nitalDFT assignment L nit;

2 C=Cnt;

3 cumenttats sum of the aTlcore’s test application tine;
4 best tat=Rectanglke_packaghg(C W P A V current tat);
5 dof{

6 cumrent tat= best tat;

7 Ccurrent=C;

8 for(each core X

9 for( the core’s each DFT X

10 (it is notcument DFT X

11 C=C’; /*change the core’s DFT*/
12 trialtat= Rectangle_packaghgC W PA Y,
OO TII I TI T IITIT T I T T I T turrent tat);
13 i trial tat < best, tat X

14 best tat = trialtat;

15 Cbest=C;

16 }

17 }

18 }

19 C =Ccurrent;

20}

21 if{ best tat <current tat X
22 restore C = Cbest;
23}

24 W hikbest tat<cument tat);

Fig.5 DFT selection algorithm

5. Experimental Results

5.1. Experimental Environment

The experimental environment is as follows.
(1) The experiment had been held on the Sun ultra80
workstation, (Sun OS 5.6), 400MHz, 2Gbyte memory.

(2) The proposed algorithm was implemented in C.

(3) Nine RTL design were used as experimental circuit.

(4) To prepare the test cost information, we used the

following conventional EDA tools:

- Power consumption estimation
artgraphics

- Logic synthesis : DesignCompiler / Synopsys

- Scan path synthesis :DFT Compiler / Synopsys

- ATPG : Tetra MAX / Synopsys

- To prepare the test cost information of NS-DFT,
we used an inhouse tool.

Wattme /

5.2. Experimental Circuits

Table 1 shows the characteristics of the experimental
circuits without DFT. These nine circuits were used as cores.
The 1st column shows the core number. The 2nd column
shows the number of inputs. The 3rd column shows the
number of outputs. The 4th column denotes the number of
memory elements. The 5th column shows the area in terms of
gate number after logic synthesis. The 6th column shows the
estimated power consumption. The power consumption is
denoted in the relative values on the basis of the normal
operation of core No.1 without DFT. The 7th column denotes
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Table 1 Information of the Cores

Scan DFT NS-DFT
No. | PIfyit[] POCbit[]| # of FF | Area | power | #ofchain [ TAM width
*1 |mn - max|mn - max
1 32 16 S1f{ 1094 0.00] 1 17 16
2 20 16 192 2525| 0.00| 1 20 16
3 80 80 228) 4494| 063 1 80 [ 32 - 64
4 32 32 83[ 1647 0.00] 1 32 32
5 32 32 115 4713] 0.00| 1 33 32
6) 32 98 1284 40528| 096 1 92 132 - 98
7 58 128 1942 36560) 125| 1 - 12232 - 128
8 129 260 357) 22650 255 1 - 179] 34 - 260
9 96 224/ 838| 58287 220| 1 - 210] 32 224

*1 Values relative to the normal operation of core No.1

the minimum number and the maximum number of the scan
chains, which were added to prepare test cost information of
scan DFT. The 8th column denotes the minimum TAM width
and maximum TAM width with which wrappers were
designed.
Throughout this experiment, the constraints of the test
scheduling were set as follows.
Maximum allowed power dissipation:
(Sum of each core’s power consumption which were
denoted in Table 1) * 1.5
Total area size:
(Sum of each core’s area size which were denoted in
Table 1) *1.5
Total TAM width: 512, 64

5.3. Experimental Results

We made experiments for the following three cases: (1) Scan
only (number of scan chain selection), (2) NS-DFT only (TAM
width selection), (3) Scan and NS-DFT (DFT method and
number of scan chain, TAM width selection).

5.3.1. Case 1: Scan only. In case 1, each core’s DFT was
limited to scan design. The number of scan chains in each core
is selected to reduce the total test application time. Table 2
shows the results of case 1. The 1st column shows the name of
SoC. The 2nd column shows each SoC’s maximum TAM
width. The 3rd column denotes each core’s number denoted in
Table 1. The 4th column shows each core’s selected TAM
width. The 5th column shows each core’s test application time.
The 6th column and the 7th column shows each core’s test
schedule. “Start” denotes each core’s test start time, and “end”
denotes each core’s test end time. The 8th column shows each
SoC’s total test application time.

In SoCl1, a solution for testing all cores simultaneously was
obtained. The DFT of core No.6 has the largest test application
time among all cores of SoC1, even though the DFT with the
smallest test application time was chosen for core No.6. Under
this condition, as long as there is no other choice of DFT
which improves the test application time of No.6, the total test
application time does not improve. In SoC2, the found
solution splits the test of core No.6 from the test of all other
cores, i.e., core No.6 is tested independently.

5.3.2. Case 2: NS-DFT only. In case 2, the choice of each
core’s DFT was limited to NS-DFT. Table 3 shows the results
of case 2. The meaning of each column was the same as that
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Table 2 Test application time (scan DFT only)

Name | TAM | No. | TAM | TAT | Schedule | Total
width width | (10%) | Start [ End | TAT
1 9 50 0 50
2 11 34 0 34
3 15 56 0 56
4 11 27 o 27
SoCl | 512 5 12 43 of 43| 304
6 96 304 0of 304
7 76 195 0] 195
8 55 217 of 217
9 74 244 of 244
1 10 41] 1330] 1371
2 11 34 1330[ 1364
3 19 43] 1330 1373
4 11 27| 1330] 1357
SoC2| 64 5 12 43| 1330 1373 1373
6 63 466]  864| 1330
7 25 657 0| 657
8 16 843 0] 843
9 23 864 0] 864

Table 3 Test application time (NS-DFT only)

Name | TAM | No.| TAM | TAT | Schedule | Total
width width | (10%s) | Start | End | TAT
1 16 4 0 4
2 16 6) 0) 6
3 64 3 0) 3
4 32 3 0) 3
SoCl | 512 5 32 13 0 13| 835
6 32 51 0] 51
7 32 835 0] 835
8 64 15 0 15
9 64 228 0] 228
1 16 4] 228 232
2 16 6] 886] 892
3 64 3] 901] 904
4 32 3] 232 235
SoC2 64 5 32 13| 835] 848 904
6 32 S51f 835] 886
7 32 835 0] 835
8 34 15|  886] 901
9 32 228 0] 228

of Table 2.

The test application time of core No.7 was very large, and
as long as there was no choice of DFT which improves its test
application time, the test application time of the whole SoC
was not shortened either.

5.3.3. case 3 : Scan and NS-DFT. In case3, each core’s DFT
was selected from NS-DFT or scan design. Table 4 shows the
result of case 3. The meaning of the 1st-3rd columns is the
same as that of Table 2 and Table 3. The 4th column shows the
selected DFT. The meaning of the 5-9th columns is the same
as that of the 4-8th columns of Table2 and Table 3.

Except for core No.7 and No.9, NS-DFT was chosen by any
SoC. The reason of this choice that the test application time of
NS-DFT was short, and having chosen the short compared to
scan DFT.

As for the test application time of the whole SoC, we
obtained the shortest times compared to cases 1 and 2. In case
1, the test application time was longer because of the DFT
selected for core No.6. However, in case 3 we could choose
another DFT for core No.6 such that test application time
improved. In case 2, the test application time was longer
because of the DFT select for core No.7. However, in case 3
we could choose another DFT for core No.7 such that test
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Table 4 Test application time (NS-DFT or Scan DFT)
Name | TAM | No. | selected | TAM | TAT | Schedule | Total
width DFT [ width | (10°s) | Start | End | TAT
1 NS-DFT 16 4 0 4
2 NS-DFT 16 6 0 6
3 NS-DFT 80 3 118] 121
4 NS-DFT 32 3 118] 121
SoCl | 512 [ 5 | NS-DFT | 32 13 of 13| 121
6 NS-DFT 64 51 0 51
7 | ScanDFT | 126 118 0] 118
8 NS-DFT 64 15 0 15
9 | ScanDFT | 172 112 0| 112
1 NS-DFT 16 4] 480 484
2 NS-DFT 16 6] 480] 486
3 NS-DFT 64 3] 493] 496
4 | NS-DFT 32 3] 496] 499
SoC2 | 64 5 | NS-DFT 32 13| 480 493 499
6 NS-DFT 32 S1{ 237] 288
7 | ScanDFT 63 237 0] 237
8 NS-DFT 64 15]  465] 480
9 NS-DFT 32 228 237| 465

application time improved.
These experimental results show that the differences in the

selection scope of DFT drastically changes the test cost of SoC.

Therefore, the usefulness of having a database with the test
cost information of several DFTs, and using this database to
optimize DFT selection to reduce test cost in early stages of
design flow was shown.

6. Conclusions

The framework of a SoC test architecture generation
containing a database which stores the test cost information on
several DFTs for every core, and DFT selection part which
performs DFT selection for test cost minimization using this
database in the early phase of the design flow was proposed.
Moreover, the DFT selection problem was formulated and the
algorithm which solves this was proposed. Experimental
results showed that bottlenecks in test application time when
using the single DFT method for all cores in a SoC is reduced
by performing DFT selection from several DFTs. As a result,
the whole test application time is shortened.

Our future work include the following issue.
(1) Optimization including the composition of TAM.
(2) Add Scan BIST and Non-Scan BIST to the choice of DFT.
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