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|. INTRODUCTION

Combinational test pattern generation remains a popular testing
methodology because of its ability to generate test patterns for large
industrial circuits with high test efficiency. Full-scan [1] is the con-
ventional methodol ogy which enablesthetesting of sequential circuits
using test patternsgenerated by combinational ATPG. However, appli-
cation of combinational testing to sequential circuits using full-scan
methodology may be prohibitively expensive, due to the high area
overhead and test application time associated with full-scan.

Several gatelevel techniqueslike partial scan have been proposed
to reduce the area overhead of full scan implementations. However,
to avoid requiring substantially less scan FF's than full-scan, partial
scan requires an efficient sequential ATPG tool. Recently, a gate-
level technique has been proposedto reducethe areaoverhead of scan
design by establishing paths in the scan chain using existing logic [2]
instead of using scan FFs. Thetechnique requires setting the primary
inputs to establish the free scan paths, thuslimiting its applicability.

Reduction of test application time has been addressed in several
ways, like arranging scan flip-flops in parallel scan chains[3, 4], and
reconfiguring scan chains[5]. In the parallel scan chain approach, the
number of parallel scan chains, and hence the number of vectors that
can be shifted in parallel, islimited by the minimum of the number of
primary inputs and primary outputs of the circuit. Thereconfigurable
scan chain approach [5] is limited by the ability of the circuit to be
decomposedinto a set of kernels, which are digjoint portions of logic
that can be tested independently.

Recently, several RT-level and behavioral level design and
synthesis-for-testability approaches have been proposed to generate
easily testable circuits for partial scan, sequential ATPG, and BIST
testing methodologies[6]. The proposed approachesinclude RT-level
scan selection [7, 8], modification of the behavioral description of a
design to improve the testability of the synthesized circuit [9, 10],
and considering testability during the behavioral synthesis process
[11, 12, 13, 14, 15]. The high-level techniques are mostly applicable
to data-flow/arithmetic intensive designs, like DSP filters and pro-
cessor designs, characterized by the dominance of functional unitsin
the data paths. Recently, an RT level technique was proposed which
enables circuit testing using combinational test patterns [16]. The
methodology uses existing paths between registers, going through
multiplexors, to load a combinational test pattern into the circuit FFs
without actually having to use scan FFs.

A techniquewasproposed|later [17] that can also useexisting paths
through functional units. However, appropriate constants (identity
elements) need to be added to the side inputs of the units to create
I-paths [18]. Also, the pathsin the test mode cannot contain cycles or
fanout, constraints that are eliminated in the method proposed here.

This paper introducesRT-SCAN, aregister transfer (RT) level test
synthesis technique which enables the testing of complex sequen-
tial circuits by combinational test patterns without the use of scan,
eliminating the high overheads associated with full-scan testing. The
methodology involves both DFT to prepare the sequential circuit for
combinational testing, as well as synthesizing the necessary sequen-
tial circuit input patterns from the given combinational test patterns.
Unlike the existing high-level methods, the new approachis applica-
ble to any general design, including control-flow intensive designs,
where the control-flow and hence random logic, multiplexors, coun-
ters (incrementers), buses, and registers, dominate the circuit, with
the existence of afew arithmetic units.

Utilizing the RT-level description of a circuit, we introduce alter-
natives to traditional scan chain structures for scanning in and out
patterns into the circuit FFs. The alternative structures allow the FFs
to be connected using interconnectsand componentsthat already exist
in the RT level circuit, such as multiplexors, adders, subtracters, in-
crementers, multipliers, thus minimizing the test area overhead. Also,
the proposed structures need not necessarily be acyclic. Finaly, the
structures allow parallel loading of FFs, thus reducing test application
time. The technique also involves merging of incrementers which
frequently appear in control-flow intensive designsin order to further
reduce the test area overhead.

The proposed RT-SCAN methodology has been applied to sev-
eral RT-level designs. To verify the advantages of RT-SCAN, we
performed sequential testing, combinational testing using full scan,
and combinational testing using RT-SCAN. As expected, sequential
test pattern generation faired poorly, producing test efficiency as low
as 46%, while combinational testing using full-scan could produce
test efficiency of 100% for all the circuits, though with high area and
test application time overheads. Experimental results demonstrate
the ability of the RT-SCAN methodology to achieve 100% test effi-
ciency using combinational test patterns, with significantly reduced
areaoverhead and test application time compared to conventional full
scanimplementations, making combinational testing an economically
viable testing methodol ogy.

Section 11 introducesthe RT-SCAN methodology. Thealternative
test structures which can be used for loading combinational patterns
into circuit FFs are explained. The test structures can utilize existing
RTL components such as adders and subtracters, and can also have
loops. The advantages of using such test structures in minimizing
the test area overheads and test application times are demonstrated.
In Section 1V, it is shown that merging incrementers can introduce
additional paths between registers, further minimizing test areaover-
heads. Implementation details of the RT-SCAN methodology and
experimental results are discussed in Section V followed by conclu-
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sionsin Section VI.

II. OVERHEADS OF FULL SCAN

Traditional scan implementationsincur high area overhead dueto
the extra test circuitry required, and require a large test application
time. Consider the RT level circuit shownin Figure 1(a) whichis part
of the implementation of an X.25 protocol. The circuit has four 8 bit
registers R1, R2, R3 and QUT for atotal of 32 FFs, an 8 bitinput| 1,
and the output of register OUT is a primary output.

In afull scanimplementation of the circuit of Figure 1(a), each of
the 32 FFsin the circuit have to be replaced by a scan FF, consisting
of the functionality of aregular FF with amultiplexor at the input. In
addition, thereis extrarouting required to connect the scan chain, and
to connect thet est pin to the 32 multiplexors in the scan FFs. In
an actual scan implementation, buffers have to be added between the
t est pin and the multiplexor inputs because of the high fanout of the
t est signal. As can be seen from the results in Table 3, significant
area overheads are associated with full scan implementations of the
benchmarks circuits.

The second drawback of the scan schemeis the high test applica-
tion time associated with it. Assume that acombinational test pattern
generator generates 100 patterns to test all the faults in the combina-
tional part of the circuit of Figure 1(a). Sincethere are 32 FFsin the
circuit, 32 clock cycles are required to load each pattern into the FFs,
followed by 1 clock cycleto apply thetest pattern. Finally, another 32
clock cyclesare required to flush out the FFs after the last test pattern
has been applied. Thus, testing the original circuit with a traditional
full scan implementation would require (100 x 33) + 32 = 3332
clock cycles. Testing circuits with several thousand FFs may require
unacceptable number of clock cycles.

1. USING EXISTING RT LEVEL PATHS FOR REDUCING DFT
OVERHEADS

Inthissection, weintroduce RT-SCAN asaRT Level DFT method-
ology which enables the testing of complex sequential circuits by
combinational patterns without the high area overhead and long test
application time of full scan implementations. To achieve the above
goals, RT-SCAN maximally reuses existing parallel paths connecting
the registers, inserting new paths between registers only if necessary.

Thefirst step of the RT-SCAN methodology consists of extracting
existing RTL paths which may be used for loading circuit registers
with any desired pattern, and also for observing the contents of the
circuit registers. The graph of such existing paths is called the con-
nectivity graph and is explained in Section A. In the second step, the
RT-SCAN algorithm identifies the set of paths which will be used for
loading/observing the circuit registers, maximally reusing the paths
of the connectivity graph in the process. The RT-SCAN graph and
the corresponding RT-SCAN implementation is explained in Section
B. Generating the sequence of primary input vectors for applying
a combinational test pattern to the RT-SCAN implementation is ex-
plained in Section C. Finally, the DFT overhead reduction by using
RT-SCAN instead of full scanisillustrated in Section D.

A. The Connectivity Graph of an RTL Circuit

Reconsider the RTL circuit of Figure 1(a). Several parallel paths
connecting registers through multiplexors and the ALU unit already
exist in the circuit, such asthe path from the input | 1 to the register
R1, andthe pathsfrom theregistersR1 and R2 to register OUT through
the ALU unit. Such paths can be utilized for the purpose of scanning

in and out a test pattern without paying the extra cost associated
with using scan FFs for the purpose. The RT-SCAN methodology
maximally reuses such existing parallel paths in creating the RT-
SCAN implementation for reducing area and test application time
overheads. The RTL circuit registers and the subset of the RTL
circuit paths that are considered by RT-SCAN for creating the RT-
SCAN implementation are captured by the connectivity graph of the
circuit. We next formally define the connectivity graph of a circuit.

Definition 1 Connectivity Graph: For every primary input, pri-
mary output, register, constant, and functional (FU) unit of the RTL
circuit, thereis a node in the corresponding connectivity graph. Con-
nectivity graph edges connect distinct nodesif thereis a path between
the two corresponding nodes in the RTL circuit which goes through
only multiplexors.

Consider again the RTL circuit of Figure 1(a) and its connectivity
graph shownin Figure 1(b). The connectivity graph not only includes
the nodes for the registers of the circuit of Figure 1(a), but it also
includes a node for the adder unit. All edges between nodes of the
the connectivity graph correspond to paths through only multiplexors
in the RTL circuit. However, since the connectivity graph can have
nodes corresponding to functional units, there can be a path between
two register nodes in the connectivity graph which goes through a
functional unit node. For example, the path from register nodes R1
and R2 to register QUT goesthrough the adder nodein the connectivity
graph of Figure 1(b). Also, sincethereis an edge between two nodes
of the connectivity graph only if the two nodesare distinct, noneof the
self-loops around the registers of the circuit of Figure 1(a) are present
in its connectivity graph.

B. The RT-SCAN Graph

The RT-SCAN graph defines the set of paths which will be used
for loading/observing the every register in the circuit. The goal of
the RT-SCAN algorithm is to create an RT-SCAN graph from the
connectivity graph of a circuit by maximally reusing the paths of the
connectivity graph to reduce the overhead of DFT. The RT-SCAN
graph and the corresponding RT-SCAN implementation is explained
in this Section.

Definition 2 RT-SCAN Graph: An RT-SCAN graph hasa nodefor
everyregister node of the corresponding connectivity graph. The RT-
SCAN graph may also contain other nodes of the connectivity graph
such as primary inputs, primary outputs and FU nodes. The edgesin
an RT-SCAN graph satisfy the following properties:

1. Thereisonly oneedgeincident to anodeof typeregister, primary
output, and single input FUs such as incrementers. There are
two edges incident to a node which correspondsto a two input
FU such asan adder or multiplier.

2. For every register node, there is a path from an input node to
the register node.

3. For every register node, thereis a path from the register node
to an output node.

4. There can be a fanout edge from a node if at most one of the
fanout edges go to a node which is not an output node.

The RT-SCAN graph of Figure 1(c) has all the edges of the con-
nectivity graph of Figure 1(b) except for the edges from R1 to OQUT
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Figure 1: (a) A sub circuit of the X25 circuit and its (b) connectivity graph, (c) RT-SCAN graph, and (b) final RT-SCAN

implementation.

and from R2 to R3. However, it may be necessary to have edgesin
the RT-SCAN graph which did not exist in the connectivity graph, as
inthe exampleof Section IV. Thecircuit shownin Figure 1(a) and its
RT-SCAN graph of Figure 1(c) is used to produce the RT-SCAN im-
plementation shown in Figure 1(d). It can be seenthat whent est is
low, the RT-SCAN implementation of Figure 1(d) behavesastheorig-
inal circuit in Figure 1(a), and when thet est inputis high, the paths
of the RT-SCAN implementation which are exercised correspond to
the RT-SCAN graph of Figure 1(c).

To maximally reuse existing paths in the RTL circuit in the RT-
SCAN implementation we allow the use of paths containing adders
and loops. For instance, the RT-SCAN graph of Figure 1(c) has a
path from registers R1 and R2 to register OUT through an adder node.
Also note that the RT-SCAN graph path B2 — OUT — R3 — R2
forms a loop. Thus, in the test mode, the paths of the RT-SCAN
implementation which are exercised will also have adders and loops.
As shown subsequently, even though the RT-SCAN paths exercised
in the test mode may have adders and loops, the registers can be
loaded with any test pattern, and also the contents of the registers are
observableat primary outputs.

Let the length of a path in the RT-SCAN graph be the number
of registers on the path. Let the length of the shortest path from a
primary input to the output of register X be denoted by L(X'). For
aprimary input node |, L(I) is 0. Let LOADTI ME be defined as
LOADTIME = maz(VR, L(R)).

Theorem 1 Giventheregister valuesof an RT-SCAN implementation
at clock cycle ¢, any combinational test pattern can be loaded into
the registersand subsequently applied for testing the circuit in clock
cycle(t+ LOADTIME + 1).

The formal proof of the theorem can be found in [19]. However,
in Section C weillustrate the process of loading a test pattern into the
registers of an RT-SCAN implementation.

When testing a circuit, it is not only important to be able to load
a particular vector into the circuit FFs, but it is also necessary to be
able to observe the result of a test application captured in the FFs
to detect the presence of faults. It can be shown that if only one
register of an RT-SCAN graph captures a fault effect, the effect can
always be observed at an output node. If the fault effect is captured
in more than one register, then there is a possibility of fault masking
and consequently, in such cases it will not be possible to detect the
fault effect at the output. However, as can be seen from Table 3, the
RT-SCAN test sets achieved close to 100% test efficiency for all four
circuits tested. Thus, the RT-SCAN implementations do not seem to
suffer significantly from fault masking effects.

C. Loading Combinational Patternsinto Registers

In this section, the process of generating the sequence of primary
input vectors for applying a combinational test pattern to the RT-
SCAN implementation is explained. To explain how a test pattern
can be loaded into the registers of the RT-SCAN graph of Figure
1(c), we first introduce the assignment statements corresponding to
an RT-SCAN graph. The values of the register nodes of the RT-
SCAN graph at any given time ¢ can be expressed in terms of the
values of the register nodes and input nodes at time (¢t — 1). The
assignment expressions describing the values of the registers of the
RT-SCAN graph of Figure 1(c) are given in Figure 2. For example,
the last assignment expression of Figure 2 implies that the value of
the register node OUT at time ¢ is a sum of the values of the register
nodesR1 and R2 attime (¢ — 1).

Let us assume that the pattern in the fifth row of Table 1 hasto be
loaded into the register nodes of the RT-SCAN graph of Figure 1(c).
We assume that each node of the RT-SCAN graph of Figure 1(c) has
abitwidth of 4 for easeof illustration. Also, assumethat the values of
theregistersin clock cycle 1 are known, and are given by thefirst row
of Table 1. The above assumption is reasonable, since most of the
circuits encounteredin practice haveresettable FFs. We next compute
the values to be applied to the input | 1 to load the registers of the



R1(t) — I1(t—1)
R2(t) — R3(t—1)
R3(t) — OUT(t—1)
OUT(t) — RA(t—1)+ R2(t—1)

Figure 2: Equation describing the RT-SCAN graph of Figure 1(€).

Clk R1 R2 R3 ouT 1
1 || 0000(S) | 0000(S) | 0000(S) | 0000(S) | 1010 (B)
2 || 1010(B) | 0000 (F) | 0000 (F) | 0000 (F) | 0111 (B)
3 |[ 0111(B) | 0000 (F) | 0000 (F) | 1010(B) | 1001 (B)
4 | 1001(B) | 0000 (F) | 1010(B) | 0111(B) | 1111 (B)
5 |[ 1111(S) | 1010(S) | 0111(S) | 1001(S) | 0010(S)

Table 1: Illustration of the synthesis of sequential test patterns
from combinational test patterns.

RT-SCAN graph with the test pattern given in the 5th row of Table 1.

Forward Simulation. The first step in determining the input
values consist of a forward simulation step. During the forward
simulation step, thevaluesof registersat timestept > 1 whichdepend
only ontheinitial valuesof theregistersat timet¢ = 1 are calculated.
Thus, the forward simulation process begins with the second clock
cycle. Consider the first assignment statement of Figure 2 for the
RT-SCAN graph of Figure 1(c), R1(t) — I1(t — 1). According
to the statement, the value of R1 at time 2 depends on the value
of the input 1 1 at time 1, and not solely on the register values at
time 1. Hence, R1’s value at time 2 is not calculated during forward
simulation. Consider thesecond equation, R2(¢) — R3(t—1). Since
the value of R3 is known at time 1 and is “0000”, the value of R2
can be calculated at time 2 and is also “0000” . Similarly, the value of
QUT at time 2 can be cal culated as the sum of the values of R1 and R2
attime 1. Sincein clock cycle 1, R1 and R2 havevalues*“0000” and
“0000", the value of QUT at time 2 is “0000”. In a similar fashion,
every eguation describing the RT-SCAN graphis usedto calculatethe
values of registers which depend solely on the values of the registers
in clock cycle 1. After the simulation has been completed for the
2nd clock cycle, it is repeated for the 3rd clock cycle using the values
of the registers in the 2nd clock cycle which were computed in the
previous step. Theforward simulation step is repeated one moretime
for clock cycle4. Thevaluescomputed during the forward simulation
processare shown in Table 1 with a“(F)” tag next to them.

Backwar d Simulation. The second step of test synthesis consists
of a backward simulation which starts at clock cycle 4. During the
backward simulation step at time 4, values are assigned to the nodes of
the RT-SCAN graphin clock cycle 4, based on the value of the nodes
in clock cycle 5. Consider for example the assignment expression
R1(t) — I1(t—1). SinceR1 hasavalueof “1111” in clock cycle5,
| 1isassignedavalueof “1111” in the4th clock cycle. Next consider
the assignment expression OUT'(¢) — R1(t — 1) + R2(¢ — 1). The
value of QUT at time 5 is “1001”. Also, the value of R2 in the 4th
clock cycle depends solely upon the initial register values and was
calculated during the forward simulation step to be “0000” . Thus, the
value of R1 during the 4th clock cycle must be “1001” since “1001”
and“0000” add upto “1001". Thebackward simulation processstarts
at clock cycle 4 and is repeated for clock cycles 3, 2 and 1. At the

end of the backward simulation process, all the input values required
to apply the test pattern given by the 5th row of Table 1 have been
computed. The valuescomputed during the backward simulation step
are shownwith thetag “(B)” next to thevalues. As statedin Theorem
1, it can be shownthat any test pattern can be loadedinto the registers
of an RT-SCAN graph in afixed number of clock cycles, if theinitial
values of the registers are known.

D. Overhead of the RT-SCAN implementation

Since for the circuit of Figure 1(a) every edge of the RT-SCAN
graph (Figure 1(c)) also existsin the connectivity graph (Figure 1(b)),
it implies that for every edge in the RT-SCAN graph, a path through
only multiplexorsalready existsinthecircuit of Figure 1(a). However,
to connect the registers using these existing pathsin the test mode, a
t est input and four gatesare added to the circuit of Figure 1(a). The
resulting RT-SCAN implementation is shown in Figure 1(d).

For the circuit of Figure 1(a), the corresponding RT-SCAN im-
plementation shown in Figure 1(d) requires 4 extra gates only as
compared to the 32 1-bit multiplexors that would be required for a
full scan implementation of the circuit. Another cost associated with
the above schemes concerns the extra wiring introduced by the scan
implementations. Consider the path which exists from | 1 to R1 in
the original circuit of Figure 1(a). A traditional scan implementation
would not only have to substitute the 8 FFs of register Rl with scan
FFs, it would have to route the input | 1 to the FFs corresponding to
R1, introducing 8 extrainterconnects. In the RT-SCAN implementa-
tion, to connect | 1 to R1, the test input has to be routed to only one
AND gate. The output of the AND gate replacesthe control signal for
themux in the original circuitry. Hence, thereis no extra overhead of
routing the output of the AND gate to the mux. As can be seen from
Table 3, the number of extra interconnects needed by the RT-SCAN
implementations can be significantly lower than that of the full scan
implementations.

Also, since the edgesin the RT-SCAN graph of Figure 1(c) con-
nects 8 hit registers and correspond to 8 parallel paths, the test appli-
cation time of the RT-SCAN implementation is reduced by afactor of
8, and would be 504 clock cyclesas compared to 3332 for full scan.

IV. MERGING INCREMENTERS TO IMPROVE REGISTER
CONNECTIVITY

A control-flow intensive design is characterized by the presence
of several counter variableswhich regulate the control flow, including
the execution of loops and conditionals. Figure 3(a) shows the con-
nectivity graph of an RTL circuit implementing atypical control-flow
intensive design, a barcode reader [20]. Consider the registers which
store counter variablesblack, white, and actnum. Each of theregisters
has the following property: the register is initialized to some value
(here 0), and can store only its incremented value, produced by the
associated incrementer. Each such register-incrementer block acts as
acounter, theregister is termed a counter register and the incrementer
is termed a counter incrementer. A counter register is typically not
accessiblefrom any other register: Figure3(a) showsthat theregisters
black, white, and actnum do not have a path from any other register.
Hence, to include counter registers in the scan chain, the RT-SCAN
technique requires to add extra buses and multiplexors. The corre-
sponding RT-SCAN graph is shown in Figure 3(b). Three extra 8-bit
wide buses and multiplexors are required to include the three counter
registersin the full-scan chain.

The connectivity of counter registers can be improved by merg-
ing, whenever possible, the corresponding incrementers. Consider
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Figure 3: (a) Connectivity, and (b) RT-SCAN graph for the Barcode circuit before incrementer merging.

merging the two incrementers, incr2 and incr3, shown in Figure 3(a).
Theincrementers can be merged becausethey are never neededin the
sameclock cycle[19]. Theresultant structure, consisting of the previ-
ous multiplexors, the two registers white and actnum, and the merged
incrementer incr23, is shownin Figure 4(a). Though oneincrementer
is reduced, an extra multiplexer is needed to determine which of the
register values, white or actnum, will be incremented. Since the cost
of a multiplexer and an incrementer is about the same (both about
3000 grids after technology mapping to SIS library), incrementer
merging would not be attractive for conventional high-level/RT-level
synthesis. However, incrementer merging resultsin the corresponding
registers to become connected to each other, as shown in Figure 4(a).
Hence, though merging two incrementers does not change the area
of the circuit, it helps to minimize the RT-SCAN area overhead. The
connectivity graph and RT-SCAN graph of the barcode circuit after
merging the two incrementersincr2 and incr3 are shown in Figures 4
(b) and (c) respectively. Becausethe counter registers white and act-
numare now connected to each other, the RT-SCAN graph showsthat
the extra 8-bit bus and multiplexor required to connect register act-
num previously (Figure 3(b)) is not needed after incrementer merging
(Figure 4(c)).

Merging two incrementers is useful to enhanceconnectivity of the
corresponding registers only when (a) at least one of the registersis
not accessiblefrom any other register, and (b) eachincrementer feeds
only its corresponding counter register. The conditions under which
two incrementers can be merged, and a technique to check whether
the merging condition is satisfied, can be found in [19].

V. EXPERIMENTAL RESULTS

The algorithm for the proposed RT-SCAN testing scheme, com-
prising of (a) incrementer merging, (b) exploiting RTL paths through
adders, incrementers, subtracters, multipliers and muxes for RT-
SCAN graph creation, and (c) sequential test pattern synthesis have
been implemented in C. Details of the algorithm can be foundin [19].
In this section, we summarizethe results of applying the proposed RT-
SCAN testing schemeto four benchmark RT-level designs[20], imple-
menting the GCD algorithm, a barcode reader, the change_naker
process in a vending machine controller, a process from the x.25
protocol suite, and an industrial circuit NECckt . The RTL circuits
were synthesized to equivalent gate-level circuits using NEC's RTL

synthesissystem, VARCHSY N.

RT Level Gate Level
Transistor
FUs | Muxes | Reg Pairs FFs
GCD 6 146 5 2811 52
Barcode 8 102 8 1764 47
Change_maker 6 134 8 1910 31
x25 2 162 10 1929 60
NECckt 7 987 110 48,034 840

Table 2: Circuit Size Statistics.

The characteristicsof theresultant circuits, in terms of the RT-level
and gate-level componentsused, are shown in Table 2. For example,
the GCD circuit has six functional units (column FUs): one 16-bit
subtract unit, three 16-bit comparator units, and two 1-bit comparator
units. There are 146 one bit multiplexors in the GCD circuit (column
M uxes), and fiveregisters (column Reg). Thetotal number of FFsfor
all the registers is 52 (column FFs), while the total number of gates
for GCD is 1093 (column Gates).

To verify the advantages of RT-SCAN, we performed sequential
testing, combinational testing using full scan, and combinational test-
ing using RT-SCAN. The results of the experiments are reported in
Table 3. For each RT-level design, the row ORI G shows the original
circuit without any scan, the row FSCAN shows the full-scan im-
plementation of the circuit, and the row RT-SCAN showsthe circuit
produced by applying the proposed RT-SCAN technique to the origi-
nal RT-level circuit. For each of the three versions, the test hardware
used is reported, including scan FFs (SFF), multiplexors (M), gates
(G), pins (P), and interconnects (I). For example, in the full-scan im-
plementation of the GCD circuit, 105 extra interconnects are needed:
53 interconnects to thread the 52 scan FFs into a scan chain, and 52
more interconnectsto route the test input to the 52 scan FFs. Thethree
extra pins are for scani n, scanout, andt est. The RT-SCAN
implementation of the GCD circuit requires 4 1 bit multiplexors, 5
gates, and 15 interconnects. Since RT-SCAN uses circuit inputs and
outputsfor loading and unloading patternsinto circuit FFs, it requires
only one extra pin, thet est pin. The column Test Area Over-
head reports active area overhead of each test schemein terms of the
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number of extra transistor pairs required. To measure the active area
overhead of thefull scanimplementation, the overhead of usingascan
FF in place of aregular FF, and the overhead of buffers inserted due
to the high fanout of the test pin were considered. The area overheads
of RT-SCAN implementations were due to the extra muxes and gates
required. For the GCD circuit, the full scan implementation required
565 extratransistor pairs, for an overhead of 20% whilethe RT-SCAN
implementation required 26 extra transistor pairs for an overhead of
only 1%. The overhead of full scan averaged over the four imple-
mentations was 25%. The corresponding overhead of the RT-SCAN
implementations was only 4.4%.

The tables also show the results of test generation for the different
test schemes. For the original circuit (without scan), test pattern gen-
eration was performed using the sequential ATPG tool, HITEC [21].
For the full scan circuit, ATPG was done by using a combinational
ATPG tool. For the RT-SCAN circuit, combinational test patterns
werefirst generated using acombinational ATPG tool, and then auto-
matically converted to sequential test patterns as explained in Section
C. Finally, the generated sequential test patterns were applied by a
sequential fault simulator to measure the effectiveness of the patterns
on the RT-SCAN circuit.

The columns# of Faults, FC% and TE% report the total number
of faultsin the circuit, the percentage fault coverage and the percent-
age test efficiency obtained for the original, full-scan, and RT-SCAN
circuits by sequential ATPG, combinational ATPG, and RT-SCAN.
While sequential ATPG could only achieve only 83% test efficiency
for GCD, both combinational ATPG and RT-SCAN obtained 100%
test efficiency. Note that the RT-SCAN method could achieve com-
parable test efficiency as the traditional full-scan scheme, but the
RT-SCAN implementation required significantly less area overhead
than the full-scan implementation.

The last column reports the reports the number of clock cycles
needed to apply the test vectors, aso called the test application time
or TAT. For the GCD example, testing the full scan implementation
will require 18008 clock cyclesas compared to 1619 clock cyclesfor
the RT-SCAN implementation, a reduction of more than 11 times.

A. Application to Industrial Design

RT-SCAN was applied to a large in-house RT-level design,
NECckt , which has 7 functional units, 987 multiplexers, 110 reg-
isters, as shown in Table 2; the equivalent gate-level circuit has 840

FFs and 48,034 transistor pairs. Results of test generation, and ap-
plication of RT-SCAN are shown in Table 3. Sequential test pattern
generation using Hitec produced an unacceptably low test efficiency
of 34%. While both full-scan and RT-SCAN could achieve 100%
test efficiency, the RT-SCAN implementation reduced area overhead
by 86% by exploiting the large number of register to register paths
through multiplexors present in the circuit.

V1. CONCLUSIONS

Thispaper introducesalow overheadtest methodology, RT-SCAN,
applicableto RT Level designs. The methodology enablesusing com-
binational test patterns for testing the circuit, as done by traditional
full-scan or parallel-scan schemes. However, by exploiting existing
connectivity of registers through multiplexors and functional units,
RT-SCAN reduces area overhead and test application times signifi-
cantly compared to full-scan and parallel-scan schemes. Unlike most
of the existing high-level test synthesis and test generation schemes
which can be most effectively applied to data-flow/arithmetic inten-
sive designs like DSPs and processor designs, the RT-SCAN test
scheme can be applied to designs from any application domain, in-
cluding control-flow intensive designs.
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