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Abstract— The lllinois Scan Architecture (ILS) consisting of while reducing wire length in the scan chains, compared to
several scan path segments is useful in reducing test appiton  other structures designed by earlier methods.
time of high density chips. In this paper, we propose a scheme
of layout-aware as well as coverage-driven/LS design. The
partitioning of the flip-flops into ILS segments is determined by Il. LAYOUT-AWARE I LS GENERATION ALGORITHM

their geometric locations, whereas the set of the flip-flopsot be The three basic steps of the algorithm are now described.
placed in parallel is determined by the minimum incompatibiity o . .
relations among the corresponding bits of a test set, to eninae A. Partitioning of flip-flops into/ L5 segments

fault coverage in broadcast mode. This consequently, redes the In this step, we partition the flip-flops into different graup
number of test patterns required in serial mode. based on their geometric neighborhood. The flip-flops neares
to each other are grouped, so that scan path length is mini-

|. INTRODUCTION mized. Each group forms a segment/diS, and the number

The serial full scan method reduces the cost of test ge:ij[—grOUps are equal to the number of required segments in

eration and provides high fault coverage. However, its tet e ILS structure, which may be a user-defined parameter.

application time and power dissipation is significantly tig,. . X o
because of the inherent serial nature of the scan path. Amg'ﬂ t_calculate the Eucllc_iean distance O.f each flip flop_frbm t
in. We order the flip-flops according to these distances.

e o

the existing methods that are used to tackle the problem . ) . .

reducing the test application time, one approach is to cardig Ig_ere, we assume that f||p_-f|ops W'.th low Euclidean d'St?‘”Ce
will have lower order. In this way, flip-flops are arranged in a

the scan elements into multiple scan chains [1]. Howeves, th. . " .
P [1] é,?t from low order to higher order. Now, we partition theman
I

n order to partition the flip-flops into different segmenise

increases the number of scan-in pins and scan-out pinsgluri . .
P pinsg! fferent groups sequentially from low order to higher arde

test and does not reduce the test data volume. In [2], auth rgs;r example, consider thigig. 1 with 10 flip-flops. Based on

ﬁ:lzsfgtsﬁpfosft r;iﬁzgflofggntﬁ;ﬁ!oﬁsug SSIir;g:)erc;g(F)):; ddathe Euclidean distances of these flip-flops from the origia, w
to reduce the test application time and the test data vqu%t%(;r ?;g] Zilg];lﬁffgnffﬁ’rdii% f/?v]erg)cii\ﬁoﬁgéhirl;gi’nto

[3], [4], [5], [6]. It is applicable to both stand alone cores . iy . .
. : ) . wo partitions P, and P,. Partition P, consists of flip-flops
cores embedded ifloC, and requires a low-cost automatic tes}Fl, FF2, FF4, FF6, andFF5 while Py consists ofF F3,

equipment. In thd LS structure, a long scan chain is divide : . -
into many short segments that are loaded in parallel with trf?F& FET, FF9, and FI710. The runtime of this partition

same test vector. The outputs of the different scan segme?igomhm is linear and can be applied to a large circuits.
are fed to an multiple input signature registegv/ ISR) to
compress the responses [6]. ®
In this paper, we propose layout-aware design IdfS (

architecture, which accounts the physical locations offlipe o FFo
flops, and provides tradeoffs among fault coverage, tedi-app ] w
cation time/test data volume, and wiring cost. The proposed ‘ ﬁFFG \1

y

(0,5) (5.5

algorithm consists of three steps. First, scan cells arapggd

based on their geometric proximity to form the different FFa '/éps
segments of thd LS; this reduces wiring cost. Second, the
flip-flops in different segments are aligned based on some \ IFFZ/ ‘j/

incompatibility information derived from a test set so tlfad
fault coverage in broadcast mode is enhanced. As a reselt, th (0.0 FF1 (5.0)
number of additional test patterns required in the seriatieno —
reduces. Finally, some reordering of scan cells concu§rent;, 1 partitioning of scan flip-flops
on all the segments, is performed to reduce scan-path Iengt%
further. Experimental results on various benchmark ctecui
show that the proposedLS structure provides significant - . .
reduction in test application time with high fault coverageB' Determining the flip-flops to be placed in parallel
For a given test set of the original circuit, the algorithm
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among themselves. All such flip-flops will be placed in palall edgexsy,;. In this way, an/ LS structure is built where the
(at the same depth) in thELS structure. This will give rise flip-flops lying at the same depth in the scan structure will
to high fault coverage in broadcast mode. have a minimal incompatibility relation. The resultaht.S
structure without interconnection among the flip-flops isvgh

in Fig. 2c. To find a perfect matching with minimum weight we
replace each weight;; with Z—w;; for some large number
(say100). Then, we use an algorithm for computing maximum

Partition 1 Partition 2
1 0 0 0 1 weight perfect matching, which is solvable in polynomiaidi.
2 0 1 0 0 0 When the number of segments is more than two, we form
t3 1 1 1 0 0 1

the groups by considering two segments at a time. After
forming the groups of flip-flops between these two segments,
another segment is considered. The process continuesalintil
the flip-flops in each segment are grouped. Rosegments
(denoted agn,), €.9.p1,p2, - - -, Pn,), the process is repeated
for (n — 1) times. The steps are outlined Aogirtim 1.

@

y, (FF4)

(FF1)x,

iV FR2[ it PR3]

(FF2)Xy Y, (FF5)

(FF3)X3 Y3 (FF6)

(b) © Algorithm 1 Generate thd LS structure
1. Set two integers i=1 and j=2.

2: for all segments in the desigio

3:  Consider the segments andp;.

Fig. 2. Example of generation of LS structure

For example, consider the test set showrfrig. 2.a which 4.
consists of three test vectors. The circuit has six flip-flopss.
hence each test vector is six-bit long. These six flip-flogs arg:
partitioned into two segments based on their coordinateshE 7.
segment consists of three flip-flopgsF'1, FF2, andFF3 are  g.
in segmentl, and FF4, FF5, and FF6 are in segmen?. .
The I LS structure will have two segments and each segmeng.
contains three flip-flops. The next task is to find out thregs.
groups of two flip-flops each, by selecting one flip-flop fromys.
each segment. The flip-flops belonging to a group will bes.
placed at the same depth in thé.S structure. This selection 14.

Generate the WIBGZ(X,Y) for p; andp,
Replace the weighi;; of each edge withZ — w;;.
Find maximum weight perfect matchinty .
Group the two FFs connected by each edge ofthe
if |M| equal ton, then

There aren. groups of FFs with two each.
end if
i=i4+1,andj =45+ 1.
if j is not equal ton, then

continue
end if

problem based on minimal incompatibility can be solved bys. end for

finding a perfect matching of a bipartite graph with minimurm
weight, which is described next.
The incompatibility distance (denoted &3 of two flip-

flops belonging to two segments is defined as the numberf Ordering of the scan cells

conflicting bits in two corresponding column vectors of the Once F'F's in each segment and the groupsiof's lying

test matrix. A graphG(X,Y), called weighted incompatibility at the same depth has been identified, scan cell ordering
bipartite graph (WIBG) is then constructed, whose left satith in a partition or branch can be done in two ways: (1)
of vertices represents the flip-flops in one segment, and righiase — 1: Without considering the power dissipation during
set of vertices represents the flip-flops in the other segmestan cell reordering which is done by solving the traveling

As shown inFig. 2b, X = {z1(FF1),22(FF2),z3(FF3)}
denotes the set of flip-flops in the segmantand ¥ =

salesman problem. (Zyase — 2: A reordering technique has
been employed for minimizing the test power consumption

{y1(FF4),y2(FF5),ys(FF6)} denotes the set of flip-flopsin ILS during both capture and shift cycles. The algorithm
in the segment2. The weight on an edge represents theorresponds t@’'ase—1 guarantees to produce minimum scan-
incompatibility distance between the two vertices coneéctpath length. Th&'ase — 2 method reduces the dynamic power
by the edge. A zero weight denotes a compatible pair. Thiéssipation during scan shift cycle.

resultant WIBG ofFig. 2ais shown inFig. 2b. In a WIBG

In Case—1, scan cell ordering within a branch or partition is

G(X,Y), a non-negative weight;,; is assigned to each edgedone by using a weighted distance graphpG). TheW DG

x;y; of G. We seek a perfect matchinty of graphG that
minimizes the total weight’(1/). A matching in a grapltz is

is a directed graph where each group (obtained from phase-2)
are vertices and two directed edges between each two groups

a set of non-loop edge with no shared end points [7]. A perfea., e;; from g; to g;, ande;; from g; to g;. In addition to
matching in a graph is a matching that saturates every vertéxese vertices)¥ DG also contains one vertex corresponds
In Fig. 2b, the minimum matching consists of three edges i.&0 scan-in pin §) and one corresponds to scan-out psn)(
M = {z1y2,2y3, z3y1}, and the weight ofdf is 2. Three As outputs of thel LS structure are fed either td/ ISR or

groups of flip-flops are formed which aig ({FF1, FF5})

Compactor in the present case, we have considered only one

connected by the edgey2, g2 ({FF2,FF6}) connected scan-out pin. So, th&/ DG for the present example consists
by the edgersys, and g3 ({FF3,FF4}) connected by the of 5 vertices which arey, g2, g3, si, andso. In WDG, in



BANERJEE, MATHEW, PRADHAN, BHATTACHARYA, AND MOHANTY : A RQUTING-AWARE ILS DESIGN TECHNIQUE 3

IIl. SERIAL MODE

Once we obtain an/LS structure, we rerun the same
AT PG tool to generate a new set of test vectors with the
logical constraints imposed on the secondary inputs of the
circuit by segmentation of scan cells. However, in the prese
of the constraints, some detectable faults in the origimauit
may become untestable or hard-to-test in the broadcast. mode
The undetectable faults can now be detected by reconfiguring
dynamically theILS structure into the serial mode, and
by applying a few additional test patterrdg. 5 illustrates
the technique. Th&lgorithm 2 described below, is used to
determine the complete test patteffigor a circuit. The sefl’

_ consists of two partg sz andTs, i.e., the set of test patterns for
Fig. 3. The WDG for ordering scan cells the broadcast mode and for the serial scan mode respectively

Scan In
addition to the directed edges among the g» and gs, there | FF) I EL"
will be six more edges. Three edges are duesio(si — !
g1, si — g2, si — g3) and three edges due t@ (g1 —
so, g2 — S0, g3 — so). The weight of the each edge depends
on the average routing distance between the nodesFlt
and F'F; be two scan cells. The distandéF'F;, F'F;) is the
distance between the output port 6TF; and input port of |
FF;. Similarly, the distancel(si, FF;) (d(FF;, so)) is the l
distance between the& (output port of F'F;) and input port Controller 10
of F'F; (so). Now, a group of scan cells should be put at - se = 0777 BC mode ?
the first level of ILS structure which is close to scan-in pin se clk
(si). Similarly, at the last level group of scan cells should _ , , .
be close to the scan-out pid). Based on above, weightF'g' 5. The ILS with dynamic reconfiguration
wgy,—g; IS the average routing length between scan cells in
g; and g;. Similarly, weightws;_.g, (wg,—s0) is the average _ — .
distance fromsi (scan cells iny;) to scan cells iny; (so). The Algorithm 2 Generate test patterns and test application time
final W DG for the Fig. 2 is shown inFig. 3. After creating 1 Find the set of complete faultg. in the circuit.
W DG, the order of the scan cells can be determined by finding: Insert the input constraints by using thé.S structure.
a shortest path fromi to so. As here all the weights are 3: Run AT'PG to generate the set of test patteffis.
positive, we have used Dijkstra’s algorithm whose runtime i 4 Use incremental fault simulation for each patternof
linear to find out the shortest path. In the present case best 10 compute the detectable faults.
path should bei — g5 — g» — g1 — so as shown by dotted 5 The detected faults are stored fp.
line in Fig. 3. The finalILS structure ofFig. 2 after scan cell 6 Compute the set of undetectable or hard-to-detddt )

non - Z

10: Compute the test application time/test data volume for the
complete test sef.

reordering is shown irFig. 4. faults f, = fo — fa.
7: Set the circuit in serial scan chain mode.
A I ers— Frd— Frl—| m 8: Generate the set of serial test pattefiis for the target
| faults f,, (using theAT PG).
s | Scan-ot 9: ComputeT =T JTs.
R

FF4[— FF6 = FF5 =

Fig. 4. The final ILS structure forFig. 2

For Case — 2, once the flip-flops in each segment and their IV. EXPERIMENTAL RESULTS
linear order is determined, a reordering technique, sintda  Experiments were performed on each circuit witi8.m

that in [8] is employed for minimizing test power consumptio standard cell library provided by the National Semiconduct

in the ILS for both capture and shift cycles. In our case, wWResults on scan wire length for these benchmark circuits are
need to order the scan cells in one segment only, and the ssaown in Table L The results show that scan-path length
cells lying in the other segments will be automatically otk decreases when number of segments in fli& structure

as those lying at the same depth are fixed by the algorithincreases. This is expected because as the number ofgastiti
The selection of a suitable segment for this purpose is guidecreases, neighborhoodsF's are grouped together. As a

by a heuristic that leads to maximum power saving [8]. result, length of the scan-path decreases. On the average,
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TABLE |
TOTAL WIRE LENGTH OF THE SCAN PATH WR.T. # OF SEGMENTS
Number of 51423 Improvement | CPU 5378 Improvement| CPU 59234 Improvement | CPU
segments in WL over serial time WL over serial time WL over serial time
ILS (pm) scan (sec) (pm) scan (sec) (pm) scan (sec)
1 (serial scan)| 9.1F + 3 —— 0.7 | 5.1E+14 —— 0.7 | 7T5E+4 —— 1.1
2 8.7E 43 1.04X 1.2 44F 4+ 4 1.16X 1.5 7T2E +4 1.04X 1.9
4 85FE +3 1.07X 1.5 42F +4 1.21X 1.8 7T1E+4 1.06X 2.4
6 8.3E 43 1.10X 2.4 4.1FE 44 1.24X 2.8 71E +4 1.06X 3.5
TABLE I
RESULTS ON TEST CYCLE REDUCTION USING PROPOSED ALGORITHMS
Number of 59234 513207
Segments Broadcast Serial total total TAT Broadcast Serial total total TAT
in #Test | Fault | #Test test cove- | improvement| #Test| Fault | #Test test cove- | improvement
ILS patt- | cove- | patt- cycles rage over patt- | cove- | patt- cycles rage over
erns rage erms | or TAT (%) full scan erns rage ems | or TAT (%) full scan
1 - - 276 63432 98.25 - - 412 276709 99.02
2 264 | 80.05 70 46468 98.12 1.36X 384 | 79.70 72 178268 | 99.02 1.55X
4 253 | 71.28 94 36232 98.10 1.75X 367 | 70.20 134 119009 | 99.02 2.32X
6 248 65.23 97 31903 98.10 1.98X 323 61.24 110 120472 98.90 2.28X
TABLE IV

the proposed method achievé2X to 1.4X improvement

. POWER DISSIPATION FORCASE-1 (C-1)AND CASE-2 (C-2
in scan-path length compare to full scan methodology. (€1 (€-2)

Table Il show the test application timel'd7") and fault Segments| s13207(Puwt) | 516850(Puwt) | $35932(Put)
coverage obtained for the ILS. On the average, the proposed| in /LS | (C-1) [ (C-2) | (C-1) [ (C-2) [ (C-1) | (C-2)
algorithm achieves.3X to 1.9X reduction in thel' AT com- Z ‘;'Z ‘;; g? gf’l ;; ;'2
pared to full scanTable Il shows that the proposed method 6 82 | 78 | 65 | 63 | 84 | 83
reduces the test application time significantly comparedrto 8 88 | 85 | 73 | 73 | 92 | 9.0

earlier approach [4], with a high fault coverage and at the
same time reduces the scan path wire length.

TABLE Il

TEST CYCLES COMPARISON

improvements in fault coverage while at same time reduces th
scan wire length to a great extent. The proposed methodology
is also suitable for a highly compact test set, i.e., when the

Circuit | Previous Method [4] Proposed Method flip-flops have very weak or no compatibility.
Name Config. Cycles Config. Cycles
TLS —360 | 176732 | ILS — 335 | 178268
513207 | ILS —180 | 99611 | ILS —168 | 119009 VI. ACKNOWLEDGMENTS
ILS —90 | 169751 | ILS —112 | 120472 : : .
TS5 —a00 T 777219 T IL.S =339 | 134847 . The yvork was partially funded by the Engmeermg and Phys-
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