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Abstract

This paper shows that by creating functional scan chains
at the register-transfer level (RTL), not only the timing of
the circuit can be improved, but also the test data compres-
sion provided from the Illinois scan architecture is similar
or even better than the gate level counterpart.

1 Introduction

The Illinois Scan Architecture was proposed by Hamzaoglu
and Patel [3] and it is aimed at reducing test data volume
with minimum area overhead. lllinois Scan operates in two
modes: the broadcast scan mode and the serial scan mode.
In the broadcast scan mode, a single scan input (SI) is con-
nected to multiple scan chains, thus allowing the same set
of test patterns to be shifted into multiple chains simultane-
ously. Scan flip-flops (SFFs) in different scan chains (SCs),
but at the same scan depth, will receive identical set of test
data from the common Sl in the broadcast mode, thus con-
currently reducing the volume of test data and test applica-
tion time. However, due to the strong correlation of the test
data that is fed in different SCs in the broadcast mode, the
resulting fault coverage of the design may decrease [4]. To
improve fault coverage, a serial mode would then be used
to reconnect the multiple SCs into a single long SC, thus
allowing SFFs that drive the same logic cone to receive any
arbitrary set of test data. However, the large volume of serial
test patterns will reduce the effectiveness of this technique
to compress the overall test data set.

Hamzaoglu and Patel proposed a technique to rearrange
scan cells in order to reduce the number of serial patterns
for Illinois Scan [3]. Although the greedy heuristic could
improve the effectiveness of Illinois Scan for test data vol-
ume reduction, this approach is test set dependent. An
incremental test generation algorithm for finding the opti-
mal scan chain length k for Illinois Scan was proposed by
Pandey and Patel [7]. Despite the fact that by incremen-
tally reducing the fault list can reduce automatic test pattern
generation (ATPG) time in a single run for multiple Illinois
Scan configurations, the recursive nature of the algorithm
may become computational expensive for large designs. In

addition to the serial mode and broadcast mode with scan
chain length k, Pandey and Patel introduced a reconfigura-
tion technique for Illinois Scan such that a single additional
broadcast mode is inserted [8]. Another technique for re-
configuring the Illinois Scan architecture was proposed by
Samaranayake et al.[10]. This technique can improve test
data compression, however, the analysis of compatibility
of SCs in different configurations by applying ATPG recur-
sively may significantly impact the processing time.

Unlike the gate-level scan methodology where scan logic
insertion gives no consideration to the structure of the cir-
cuit in the normal (functional) mode of operation, register-
transfer level (RTL) scan tries to share the existing func-
tional paths between flip-flops (FFs) as scan paths in the test
mode, in order to connect SFFs in functional scan chains.
There are various methods proposed in the literature to con-
struct scan chains at the RTL (or above), in order to reduce
the unnecessary area overhead and guarantee high fault cov-
erage (e.g., [2,5, 9] only to mention a few relevant ones),
however none of the existing solutions considers reducing
the volume of test data and test application time when con-
structing the functional scan chains.

Due to its effectiveness to compress test data with very
low area overhead, Illinois scan is emerging as a promis-
ing low-cost test method [4]. However, to the best of au-
thors’ knowledge, the reported studies for improving the
performance of Illinois scan assume that scan chain reor-
ganization occurs at the logic level of the design abstrac-
tion. Given the fact that this may affect the timing of the
circuit, as well as conflict with design synthesis methodolo-
gies aimed at achieving timing closure early in the imple-
mentation flow, in this paper we investigate the suitability
of building functional Illinois scan chains at the RTL.

2 Reconfigurable Illinois Scan at RTL

In this section we introduce a scan chain construction
and reconfiguration technique that can be planned prior to
logic/physical synthesis and test pattern generation. We de-
scribe the basic principle of the new reconfigurable archi-
tecture and we summarize a new functional Illinois scan
synthesis algorithm at RTL.
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Figure 1. Reconfigurable lllinois scan

2.1 The Proposed Reconfigurable Architecture

The purpose of the proposed reconfigurable Illinois scan
architecture (RISA) is to eliminate correlations between
patterns in multiple SCs by employing multiple broadcast
modes. Figure 1 illustrates an example of the proposed ar-
chitecture. In this example, there are 24 FFs equally dis-
tributed in 8 SCs. It is assumed that FF2 and FF5 drive the
same logic cone, while FF14, FF17, FF20 and FF23 drive
another logic cone. In mode 0 when the test select signals
{TS, TSI, TS0} have the values of {0, 0, 0}, the archi-
tecture functions in the broadcast mode, where a single SI
drives 8 SCs. However, when in mode 1, when the T Ssig-
nals change to {0, 0, 1}, the SCs are reconfigured such that
the adjacent SCs are combined into a single SC, resulting
in 4 SCs with length of 6 to be driven by the same Sl. In
this mode, the conflict between FF2 and FF5 will be elimi-
nated since they will be at different scan depths in the same
SC. When the T Ssignals change to {0, 1, 1} (mode 2), the
SCs will be reconfigured again such that only 2 SCs with
length of 12 will be driven by the same SI. In this mode,
all the conflicts between FF14, FF17, FF20 and FF23 are
eliminated. Finally, in mode 3 with {TS2, TSL, TS0} equal
to {1, 1, 1} we will end up with a single scan chain where
as long as a test pattern exist for a fault it will be generated.
Note, although the test data volume is increased every time
the SCs are reconfigured, the rate of increase of the RISA is
lower when compared to that of the serial broadcast mode
in the original Illinois scan architecture.

If there are 2" SCs in a design, then the total number of
broadcast modes in the RISA is n+ 1 (including the serial
scan mode). Whenever the RISA is reconfigured, the adja-
cent SCs will be chained together as one long SC. There will
be n T Ssignals, whose values can be stored in n state ele-
ments, which is negligible from the added area standpoint.
The update of the TS signals can be done in between test
sessions, with different broadcast modes, using a small on-
chip controller programmable through the boundary scan
interface. The decimal equivalents of the n+ 1 values for
the n TSsignals are 2' — 1, with i from 0 to n.

2.2 Functional Illinois Scan at RTL

The main advantages of building the Illinois scan chains at
RTL can be summarized as follows: (i) scan chain reconfig-
uration analysis is based only on the conflicts between the
FFs driving the same logic cone and, therefore, it is ATPG-
independent (and hence computationally efficient); (ii) the
complexity of the control and data flow graph (CDFG) ex-
tracted from the RTL specification is significantly lower
than the one of its synthesized logic network; this is of great
importance for functional scan chains (that share test and
functional logic) because the design structure must be ana-
lyzed to identify the functional paths that can be reused as
scan paths and the potential conflicts between different FFs;
(iii) the scan chain order, which is suitable for test data com-
pression using Illinois scan (regardless of the manufactur-
ing or the diagnostic test sets that will be applied), is deter-
mined prior to design synthesis; this will, firstly, avoid any
potential timing problems caused by reconfiguring the syn-
thesized scan network and, secondly, by concurrently syn-
thesizing the test and functional logic the circuit speed can
be improved, when compared to the gate level scan design.
The above advantages are substantiated in the next section.
Due to space limitations, the reader is referred to [6] for
further details on functional scan synthesis at RTL. In this
section we only explain the constraints that must be ac-
counted for during the functional scan synthesis process in
order to generate scan structures that have reduced volume
of test data and test application time when combined with
RISA. There are three constraints that need to be discussed.
The first constraint aims to ensure that FFs that drive the
same logic cone will not be placed at the same scan depth
in multiple SCs. This helps reduce the correlations between
test patterns in multiple SCs. For example, if FF2 and FF5
in Figure 1 are placed at different scan depths, the conflict
between these FFs will be eliminated without the need to
reconfigure the architecture. To aid the satisfaction of the
first constraint, the second constraint tries to place FFs that
drive the same logic cone in the same SC. This is because
as soon as the FFs that drive the same logic cone are placed
in the same SC, conflicts in test patterns between SCs will
be removed. By accounting for these two constraints in the
functional scan synthesis process, the generated scan struc-
ture will already have a reduced number of correlations be-
tween test patterns in multiple SCs, and thus, allowing more
faults to be detected in earlier broadcast modes of RISA.
Moreover, when both first and second constraints cannot be
satisfied, a third constraint will be applied to place the con-
flicting FFs in adjacent SCs. For instance, in Figure 1, FF2
and FF5 are conflicting with each other. By putting them
adjacent to each other in different SCs, the correlation in
test patterns for FF2 and FF5 can be removed as soon as
the architecture is reconfigured. As a result, the effective-
ness in compressing test data with RISA can be improved.



3 Experimental Results

To demonstrate the effectiveness of the proposed method,
we have implemented the new functional Illinois scan syn-
thesis algorithm in C and we have performed experiments
on several circuits described at RTL using Verilog. For syn-
thesis and ATPG we have used a commercial tool flow [12].
The algorithm was applied to a DSP Core from the SCU
benchmark set [1] and the ITC99 benchmark B14 [11].
Tables 1 and 2 show the experimental results for area over-
head and circuit performance for the DSP Core and B14
respectively, when comparing the non-scan circuit with the
gate level full scan and the proposed RTL lIllinois scan. In
both tables, column 1 shows the timing constraints used for
logic synthesis. Column 2 provides the total number of scan
chains and Columns 3, 5 and 7 indicate whether the tim-
ing constraints were met during synthesis for the non-scan
circuit (i.e., no DFT included), the circuit with gate level
scan and the RTL scan circuit. Columns 4 and 6 show the
area overhead when compared to the non-scan circuit for
gate level scan and RTL scan accordingly. Column 8 shows
the difference in area overhead between gate level scan and
RTL scan. One thing to note is that there are 639 FFs in the
original circuit and gate level scan, while RTL scan has 664
FFs after synthesis. This is because without RTL scan, the
synthesis tool can optimize the circuit by removing the re-
dundant FFs. Despite the presence of these redundant FFs,
the area overhead of RTL scan increases on average by only
0.05% when compared to the gate level scan. This shows
that our approach inserts insignificant hardware overhead to
the scan design in order to build the reconfigurable Illinois
scan architecture at RTL. Instead, the proposed method tries
to reduce area overhead of the scan design by reusing exist-
ing functional paths in the circuit as scan paths. In the case
of B14, the average increase in area overhead for RTL scan
when compared to that of gate level scan is only 0.34%. In
addition, by constructing scan chains at the RTL, the syn-
thesis tool can better optimize test logic and functional logic
concurrently, thus improving the timing of the design. Al-
though the timing of B14 was not improved, RTL scan of
the DSP core helps improve the timing to 10.35 ns, an im-
provement of 2.42% when compared to the original circuit,
which fails to meet timing constraints beyond 10.6 ns.
Table 3 shows the detailed testability results generated by
a commercial ATPG tool [12] for B14, in order to illus-
trate that the proposed reconfigurable Illinois scan architec-
ture reduces test data volume by having multiple broadcast
modes. The timing constraint is listed in column 1. Column
2 shows the number of SCs that are driven by a single scan
input in the broadcast mode. The columns labeled FC give
the fault coverage for stuck-at faults. CTP corresponds to
the number of compressed test patterns generated by ATPG
and VTD denotes the volume of test data for the particular
Ilinois scan configuration. CPU represents the test gener-

Table 1. Area/Performance for the DSP Core

# Original Area OH
Period | of (No DFT) Gate Full RTL Full A
(ns) SC | Timing Met? % Met? % Met? %
10.80 32 Yes 4.84 Yes 5.52 Yes -0.68
10.75 32 Yes 4.89 Yes 5.86 Yes -0.97
10.70 32 Yes 6.01 Yes 5.78 Yes 0.23
10.65 32 No 4.80 No 4.94 Yes -0.15
10.60 32 Yes 5.94 No 5.52 Yes 0.41
10.55 32 No 5.39 No 5.76 No -0.37
10.50 32 No 6.41 No 5.99 Yes 0.42
10.45 32 No 5.90 No 5.52 No 0.37
10.40 32 No 5.61 No 5.56 Yes 0.05
10.35 32 No 5.94 No 5.73 Yes 0.20
Table 2. Area/Performance for B14
# Original Area OH

Period | of (No DFT) Gate Full RTL Full A
(ns) SC | Timing Met? % Met? % Met? %
5.90 16 Yes 6.73 Yes 7.96 Yes -1.23
5.85 16 Yes 9.32 Yes 11.73 Yes -2.41
5.80 16 Yes 1.32 Yes 4.93 Yes -3.61
5.75 16 Yes 13.85 Yes 8.70 Yes 5.15
5.70 16 Yes 13.29 Yes 10.52 No 2.77
5.65 16 No 4,97 No 9.14 No -4.17
5.60 16 Yes 5.19 Yes 6.08 No -0.90
5.55 16 Yes 10.29 Yes 8.65 Yes 164

ation time in seconds. The last two rows of the table show
the cumulative VTD and CPU, as well as the compression
ratio for the gate level and the RTL scan design. By con-
sciously constructing the Illinois scan architecture to reduce
the number of conflicts between FFs at the same scan depth
located in different SCs, while placing conflicting SCs ad-
jacent to each other, most of the faults become detectable
when a single Sl drives multiple scan chains. This leads to
savings in both test data volume and test application time.
This is supported by the experimental results for B14, where
a fault coverage of 99.51% can already be obtained for RTL
scan compared with only 98.81% for gate level scan (when
the common Sl drives four SCs).

Tables 4 and 5 show the simplified testability results
for the DSP core and B14, only for the cases where the
timing of RTL scan is satisfied. Column 1 gives the
timing constraints used for logic synthesis. Columns la-
beled FC represent fault coverage for stuck-at faults. VTD
denotes the cumulative volume of test data. CR cor-

responds to the compression ratio, which is calculated

b VTD of circuit when FFs are connected in a single chain Lastl
VTD of circuit with [llinois scan architecture _ Y:

columns labeled CPU represent the cumulative test gener-

ation time for the ATPG flow in seconds. Despite the dif-
ferent logic networks that were obtained after logic synthe-
sis, as well as the different test sets generated for RTL scan
of the DSP core and B14, the experimental results show
that the reconfigurable Illinois scan architecture reduces the
volume of test data for both gate level scan and RTL scan.
However, by utilizing the control and data flow information
extracted from the RTL description to build the scan struc-
ture, the reduction in volume of test data is further enhanced
when compared with gate level scan insertion. For B14, the
average compression ratio for the RTL scan is 9.56X, an
improvement of 1.17X compared to gate level scan, which




Table 3. Detailed testability results for B14 for a single clock period constraint

Period SC Gate Full RTL Full A
(ns) # FC(%) | CTP | VTD CPU(s) | FC(%) | CTP | VTD CPU() | FC(%) | CTP | VID | CPU(9)
5.90 16 95.03 487 7792 70.16 98.02 521 8336 24.41 2.99 -34 -544 45.75
8 97.52 44 1408 55.57 98.89 40 1280 9.05 137 4 128 46.52
4 98.81 31 1984 40.47 99.51 44 2816 7.50 0.70 -13 -832 32.97
2 99.26 33 4224 36.34 99.54 1 128 6.40 0.28 32 4096 29.94
1 99.27 2 512 37.17 99.54 1 256 6.39 0.27 1 256 30.78
Cumulative 15920 239.71 12816 53.75 3104 185.96
Compression 8.39 10.43 124

Table 4. Testability results for the DSP Core for multiple clock period constraints

Period Gate Full RTL Full A

(ns) FC(%) | VID | CRGale | CPU(9 | FC(%) | VID | CRRIL | CPU(S | FC(%) | VTD | CR.Gae/CRRIL | CPU(9
10.80 98.99 27468 5.04 230.51 99.66 25347 5.46 81.95 0.67 2121 1.08 148.56
10.75 99.16 36771 3.78 236.35 99.63 28161 4.94 79.13 0.48 8610 1.31 157.22
10.70 99.07 34209 4.26 303.59 99.50 31584 4.62 106.05 0.43 2625 1.08 197.54
10.65 99.02 31857 4.75 262.67 99.58 31185 4.85 94.57 0.56 672 1.02 168.10
10.60 98.82 37275 4.25 2008.28 99.56 28560 5.55 87.61 0.74 8715 131 1920.67
10.50 98.98 34251 4.47 307.02 99.56 29484 5.20 92.18 0.58 4767 1.16 214.84
10.40 98.98 36372 3.84 1919.32 99.57 28392 4.92 88.41 0.59 7980 1.28 1830.91
10.35 99.09 30534 4.93 1924.50 99.62 29757 5.06 94.95 0.52 i 1.03 1829.55

Table 5. Testability results for B14 for multiple clock period constraints

Period Gate Full RTL Full A

(ns) FC(%) | VID | CRGale | CPU(9 | FC(%) | VID | CRRIL | CPU(S | FC(%) | VTD | CR.Gae/CRRIL | CPU(9
5.90 99.27 15920 8.39 239.71 99.54 12816 10.43 53.75 0.27 3104 124 185.96
5.85 99.33 17696 7.99 308.45 99.21 14944 9.46 61.54 -0.11 2752 1.18 246.91
5.80 99.21 16672 8.40 164.59 99.41 14976 9.35 51.52 0.19 1696 111 113.07
5.75 99.39 17872 7.79 149.79 99.47 14720 9.46 57.00 0.09 3152 1.21 92.79
5.55 99.33 17088 8.03 363.61 99.45 15056 9.11 54.11 0.12 2032 1.13 309.50

only has an average compression ratio of 8.12X. In addition,
the test generation time for RTL scan has also improved for
both of the circuits compared with gate level scan. The av-
erage improvements are 847.82 secs for the DSP core and
176.93 seconds for B14. It is also important to note that the
computational time for scan insertion in the RTL code is in
the range of tens of seconds on a Pentium-M at 1.3 GHz,
which justifies the advantage of analyzing the design and
developing the DFT infrastructure at the RTL.

4 Conclusion

In this paper we have explored the effectiveness of creating
scan chains at a higher-level of design abstraction for test
data compression using the Reconfigurable Illinois Scan Ar-
chitecture. It was found that the DFT infrastructure built us-
ing only the control and data flow information available at
the RTL can lead to similar improvements in test data com-
pression (for a fault coverage target over 99%), regardless
of the final implementation of the logic network or the man-
ufacturing test set. In addition, it was shown that, although
functional scan chain design at RTL may introduce redun-
dant FFs used only in the test mode, the area overhead is
similar to the one given by gate level scan insertion. This
is due to the simultaneous synthesis of functional and test
logic, which can also lead to improved circuit speeds.
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