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Abstract

This paper proposes a non-scan DFT method for hier-
archical testability of a register-transfer level data path us-
ing control vector sequences generated by an original con-
troller. In hierarchical test generation, a test plan for each
module in the data path is generated. The test plan con-
sists of a control vector sequence that can justify any value
1o the inputs of the module under test from some primary
inputs and can propagate its output value to a primary out-
put. In order to generate a control vector sequence for a test
plan from the original controller, we extract an extended
test control data flow graph from the data path and the con-
troller. In our proposed method, the area overhead for a hi-
erarchically testable data path is smaller than our previous
work since the area overhead for the test controller to sup-
ply such test plans to the data path is small. Furthermore,
our proposed method can achieve 100% fault efficiency and
at-speed testing.

1 Introduction

Testing of large VLSI circuits is a hard problem. To ease
complexity of testing, design-for-testability(DFT) methods
have been proposed. The objectives of a DFT method are
the following: (1)low area overhead, (2)short test genera-
tion time, (3)short test application time, and (4)high fault
efficiency’.

Recently, test generation and DFT methods for register-
transfer level(RTL) data paths have been proposed(1]-[91.
These are based on the hierarchical test generation method
in [10]. In the hierarchical test generation, test patterns and
test plans for each combinational hardware element in the
data path are generated. A test plan is a control vector se-
quence that can justify any value to the inputs of the com-
binational hardware element under test from some primary
inputs, and that can propagate any value from the output
of the combinational hardware element to a primary out-
put. However, there does not always exist a test plan for

1 Fault efficiency is the ratio the number of faults detected and proved
redundant to the total number of faults.

each combinational hardware element. These methods[6]-
[9] guarantee the applicability of testsina hierarchical func-
tion. Among them, {5)-[9] are our previous work.

The DFT method introduced in [6] makes a data path
strongly testable using hold functions of registers and thru
functions of operational modules. This method can achieve
100% fault efficiency, and allows at-speed testing. Fur-
thermore, the test generation time and the test application
time is shorter than the full scan design. In this method,
test plans can not be applied from the original controller to
the data path. In a DFT method introduced in [7)(strongly
testable design method), some multiplexers and a test con-
troller for providing test plans to the data path are added.
However, since the area overhead of the test controller and
some multiplexers is large, the total area overhead becomes
larger than that of the full scan design.

To reduce the are overhead of the test controller, a new
concept for testability of data paths called fixed-control
testability is introduced in [8). In [8], 2 DFT method(fixed-
control testable design method) is also proposed to make a
data path fixed-control testability using thru functions of op-
erational modules, multiplexers and bypass registers. The
fixed-control testable design method has advantages over
the strongly testable design method. The total area overhead
of this method can be reduced compared to that of strongly
testable design method. However, the total area overhead of
our previous work is still slightly larger than that of the full
scan design.

The DFT method introduced in [9] for data paths using
control vector sequences of the original controller guaran-
tees the applicability of hierarchical test generation for each
combinational hardware element using hold functions-of
registers and thru functions of operational modules. Also
this DFT method can achieve 100% fault efficiency for the
data path by adding functions supplying test plans to the
hierarchical testable data path.

Genesis[1]-[3] have been proposed as a DFT method
such that a test plan for each operational module can be
composed by using of control vector sequences of the orig-
inal controller. Firstly, Genesis generates a test control data
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Figure 1. An RTL controller/data path circuit.

flow(TCDF) graph so as to extract control vector sequences.
Secondly, Genesis performes hierarchical testability anal-
ysis(HTA) for each operational module using the TCDF
graph. In the case that the test plan can not be composed
by using a control vector sequence, Genesis guarantees the
applicability of hierarchical test generation for each opera-
tional module by adding some multiplexers to the data path.
The area overhead of Genesis is small, since the test plan for
each operational module consists of control vectors of the
DFT elements(multiplexers) and a control vector sequence
generated by the original controller. However, Genesis can

not always achieve 100% fault efficiency, since a test plan

for both multiplexers and additional multiplexers of the data
path are not generated.

In this paper, we propose a design method for hierarchi-
cal testability of data paths using control vector sequences
of the original controller without adding any function to it.
This method guarantees the applicability of hierarchical test
generation for each combinational hardware element using
thru functions of operational modules, constant value gener-

" ators and multiplexers. This method can achieve 100% fault
efficiency, and allows at-speed testing. Furthermore, from
our experimental results, the area overhead of this method
is as small as that of Genesis.

2 RTL controllers and data paths

In RTL description, a VLSI circuits generally consists of
a controller and a data path as shown in Figure 1. The for-
mer is represented by a state transition graph and the latter
is represented by hardware elements (e.g. registers, multi-
plexers and operational modules) and lines.

In this paper, we consider the following restrictions for
an RTL circuits.

Al: The controller has only a reset signal input.

A2: All signal lines in the data path have the same bit
width.

IN-PORT2 IN-PORTI

OUT-PORT1

Figure 2. The data path of Tseng.

Input State . Qutputs

reset ps | Ns {11 1213 14 15 16 m1l m2 m3 m4 mS mé m7
1 Any | S1 1011110111000
0 S1 | s2 01000 0 0 O0O0OO0COUOO
0 §2 | s3 10 01 00 00 O0O0C1 00
0 S3 | s4 1101000010011
0 S4 | S5 10100010 000 0O
0 85 | S1 0 0 0 1.1210000O0CTO0TO0

Figure 3. The state transition table of T'seng.

A3: An hardware element has only one or two data inputs
and only one data output.

3 Hierarchical test generation

Hierarchical test generation is an efficient technique for
generating test patterns of very large data paths. In hierar-
chical test generation, test generation of each combinational
hardware element M proceeds as follows:

Step1: Test patterns are generated for M using a combina-
tional ATPG tool at logic level.

Step2: A test plan is generated for M at RT level. The test
plan is a control vector sequence that can justify the
test pattern obtained at Stepl to the input of M from
some primary input and can propagate its output re-
sponses from the output of M to a primary output.

Strong Testability[6] is proposed as a characteristic of data

paths that guarantees the applicability of the hierarchical
test generation.

- 129 —



i3 c2(0) c}(l) i1 42 1(s0)

c2 cl ilf .32

IN-PORT2:il
IN-PORT2:i2
IN-PORT3:i3
OUT-PORT1:01

’ OUT-PORT2:02
Regl:cl1,x3,r6,x7
Reg2:rl,r§
Reg3:c2,r8
Regd4:i3,r2,r4
Reg5:i1
Reg6:i2

ADD1:41,+3
ADD2:+2
ADD3:+4
MUL1:*1
SUB1:-1
OR1:orl
AND1:&1

MUX1:ml {0}, m1(1)
MUX2:m2 (0)
MUX3:@3 (0) ,m3 (1)
MUX4 :m4 (0)
MUXS5 :m5 (1)
MUX6:@6 (0) ,m6(1)
MUX7:m7 (1)

+1 ’ 2(s1)

~ 1 4
7 yeng Y
s Ao
3 0y 3 s1) lor Mo [ 3US2)
13 ‘et LR T
;

Figure 4. An ETCDF graph of Tseng.

Definition 1 (Strong testability) A dara path is strongly
testable iff there exists a test plan for each combinational
hardware element M that makes it possible to apply any
pattern to M and to observe any response of M. (]

A strongly testable data path has the following advantages:

¢ Test pattern generation time is short since a combi-
national ATPG tool can be applied to each combina-
tional hardware element individually.

¢ 100% fault efficiency can be achieved for the whole
data path, since each combinational hardware ele-
ment M is a circuit of small size and the strong testa-
bility guarantees complete controllability and com-
plete observability of M.

4 An extended test control data flow graph

We introduce a new control data flow graph called ex-
tended test control data flow (ETCDF) graph defined as fol-
lows.

An ETCDF graph G = (V,E, ¢) of an RTL circuit is a di-
rected graph, where V is a set of nodes representing opera-
tions, E is a set of edges representing data transfer flows and
¢:V - N(natural numbers) defines control steps. Node
v € V comresponds to a primary input, a primary output, an
operational module, or a multiplexer of the data path. If
edge e(v;,v;) € E satisfies c(v;) # c(v;), then e corresponds
to a register between two data path elements corresponding
to v; and v; and data signal lines connecting them. Other-
wise, e corresponds to a data signal line. A control step de-
notes counts of clock cycles applied to the controller since

Binding Information

the reset signal is applied. Notice that the reset signal is ap-
plied at the first control step and after that the reset signal is
never applied: For example, the data path and the controller
of the RTL circuit Tseng are shown in Figure 2 and 3, re-
spectively and an ETCDF of the circuit is shown in Figure
4. In the ETCDF, large circles denote nodes correspond-
ing to operational modules and small circles denotes nodes
corresponding to multiplexers.

Nodes that appear at a control step are classified into two
types :real nodes and dummy nodes. A node of type real is
active at the control step, i.e., care values are provided to
the hardware element corresponding to the node and the re-
sponse of the element will be loaded to some register or
propagated to some primary output. A node of type dummy
is inactive at the control step, i.e., no care values are pro-
vided to the hardware element corresponding to the node or
the response of the element will not be loaded to any regis-
ter nor propagated to any primary output.

Edges on the ETCDF are also classified into two types:
real edges and dummy edges. An edge of type real connects
two real nodes. An edge of type dummy connects between
a real node and a dummy node, or connects between two
dummy nodes. For example, in the ETCDF shown in Fig-
ure 4, nodes and edges drawn by normal line are real nodes
and real egdes, respectively. Also, rodes and edges drawn
by dotted line are dummy nodes and dummy edges, respec-
tively.

Notice that, although circuit functions related to dummy
nodes do not affect the outside of the circuit, these circuit
functions have potentiality to make test plans.

5 A design for hierarchical testability for
RTL data paths

In this section we propose DFT method for hierarchical
testability for RTL data paths. Given an RTL circuit, our
proposed DFT method guarantees the applicability of hier-
archical test generation of the data path by adding thru func-
tions of operational modules, constant value generators and
multiplexers to the data path. In our DFT method, instead of
modifying the controller, We add a test register which stores
control vectors for DFT elements added to the data path (see
Figure 5). In our approach, all hardware elements except for
the DFT elements are controlled by the original controller
during test application. The DFT elements are controlled
from the test register. Our proposed DFT method proceeds
as follows: ‘

Step1: Given an RTL circuit, for each combinational hard-
ware element in the data path, we analyze whether
a test plan which can be composed only of a control
vector sequence of the original controller exists.
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Figure 5. Architecture of test plan application.

Step2: For each combinational hardware element whose
test plan does not exist, a test plan is made by adding
DFT elements such that the test plan can be composed
of a control vector sequence of the original controlier
and a vector for those DFT elements.

Notice that, our DFT method also support DFT elements.

In Stepl, to extract control vector sequences, we first
generate an ETCDF graph from the data path and the con-
troller. Next, we analyze whether a test plan exists for each
combinational hardware element by analyzing the control-
lability for each incoming edge and observability for an out-
going edge of a node corresponding the combinational hard-
ware element under test in the ETCDF graph.

In Step2, we add thru functions of operational modules,
constant value generators, or multiplexers to the data path
such that the additional DFT elements are controlled using
one control vector while testing a hardware element.

The way of application of test plans is shown in Figure 5.
In our proposed DFT method, a hardware for controlling the
additional DFT elements is a register(test register) since the
additional DFT elements are controlled using one control
vector while testing a hardware element. Therefore, the test
plans can be supplied at low area overhead. To observe the
values for controlling the additional DFT elements, we add
a multiplexer at primary outputs of the data path. The test

pin in Figure 5 is an additional pin for load/hold signal of -

the test register.

6 Experimental results

In this section, we evaluate effectiveness of our pro-
posed method by experiments. Circuit characteristics of

RTL benchmark circuits used in the experiments is shown
in Tablel. In our experiments, we used AutoLogicIl (Men-
torGraphics) as a logic synthesis tool with its sample li-
braries to synthesize those circuits. In Table 1, the column
“Area(gate)” denotes the total circuit size before DFT in
gates. The columns “Controller” and “Data path” denote
the characteristics of controller parts and data path parts,
respectively: The columns “#PI”, *“#PO”, and “Area(gate)”
denote the numbers of primary inputs, primary outputs, and
circuit size in gates, respectively. The columns “#State”and
“#Control” in “Controller” denote the numbers of states
and of control outputs, respectively. The columns “#Reg.”,
“#Mod.” and “#MUX" in “Data path” denote the numbers
of registers, operational modules and multiplexeres in data
paths, respectively.

The hardware and pin overheads of Genesis[3](Genesis),

~ the DFT method of [7](Strong), the DFT method of [8](Fix)

and our proposed method(This) are shown in Table 2. Gen-
esis can not guarantee 100% fault efficiency. In Table 2,
the columns “DP”,“TC”, and “MUX"” denote the hardware
overheads of the data path, the test controller, and the mul-
tiplexer added at the primary outputs of the data path, re-
spectively. In our proposed method, the hardware and pin
overheads for the whole circuit is as small as Genesis, and
is smaller than the DFT methods of both Strong and Fix.

Test generation results are shown in Table 3. In our pro-
posed method, the test generation time is longer than Strong
because the number of combinational hardware elements
for test generation of our proposed method is larger than
Strong. The test application time of our proposed method
are longer than the DFT methods of both Strong and Fix.
The objective of Strong and Fix is that the test application
time is short. Since the main objective of our proposed
method is that a test plan for each combinational hardware
element is composed of a control vector sequence, the test
application time of our proposed method becomes longer
than that of Strong and Fix.,

Though the test generation and test application time of
our proposed method are longer than those of Strong and
Fix, we can see that our proposed method is better than
both Strong and Fix in the context of hardware overhead
from this experimental results. Furthermore, our proposed
method can guarantee 100% fault efficiency which Genesis
can not, and the hardware overhead of our proposed method
is as small as Genesis.

7 Conclusion

This paper presented an approach to deign for hierarchi-
cal testability for RTL data paths using extended test control
data flow graphs. Our proposed method can achieve 100%
fault efficiency and allows at-speed testing. Furthermore,
the hardware overhead of our proposed method is smaller
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Table 1. Circuit charcteristics.

Circuits || Area(gate) Controllers Data paths
#P1 | #PO | BState | #Control | Area(gate) || #P1 | #PO [ #Reg. | #Mod. | #MUX Area(gate)
LWF 1986 1 0 4 8 58 32 32 5 3 5 1924
JWF 6875 1 0 8 38 200 | 80 80 14 3 25 6672
Paulin 24966 1 0 6 16 124 | 64 64 7 4 11 24834
Tseng 15033 1 0 5 13 95 | 96 64 6 7 7 14930
Table 2. Hardware overheads.
Area overheads(%) Pin overheads(#)
Circuits Genesis* Strong Fix This Genesis | Strong | Fix | This
DP [ TC |MUX DP| TC [MUX DP| TC |MUX DP|TC|MUX
LWE I — —=| —|345]5.7|243[ 45|305]5.6/204] 45]|7.3|3.8{23| 12 0 3] 4 1
@] @] O ©
IWF — —| —| —[328(16|264| 48[37.7|60[265] 52[2.1{1.1]07] 04 0 3] 4 1
. O O @ O .
Paulin 1 —| —| —] 80]20| 54| 06] 6.1]23] 3.1 07[25/1.6/06] 03 1 3] 4 1
(1.3){(1.0)|(0.2) | (0.1)
—T — —| —J11.5/36| 68| 1.1[12.8]|58| 58] 12][24|15]06] 03 1 3] 4 1
Tseng
20 |1.D{0.2)| (0.1)
—(): DFT results only for operational modules of the data path.
*: Genesis can not achieve 100% fault efficiency.
Table 3. Test generation results.
Circuits Test generation time(sec.) Test application time(cyc.)
Genesis®' Strong** Fix*< This Genesis®’ Strong Fix This
LWF —(0.38) 0.83 0.85 0.78 (0.38) —(78) 229 229 196 (78)
JWF —(0.38) 0.84 1.13 0.85 (0.67) —(78) 720 742 934 (78)
Paulin —(244) 3.08 3.12 5.02 (4.51) —(1520) 1034 1245 1922 (1538)
Tseng —(2.83) 3.65 3.98 3.78 (3.26) —(1124) 1061 1157 1533 (1274)

: In Genesis, multiplexers of the data path are not tested.

*1,(): Test generation results only for operational modules of the data path.

- *2; The test plan generation time is included to the test generation time.

than that of our previous work. One of our future works is
to extend our proposed method to a DFT method that can
deal with RTL circuits with a controller that has primary
inputs and status inputs. -
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