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Abstract—We dynamically monitor per cycle scan activity and scanned out at this frequency, many may not cause the
gDX CSeFé%?rgig ;Jhpe g;)% cﬁ‘?:dn pggfléofvc\)érlg\gd ;&tIVTItr)]/e %ﬂ\?ﬁy Vr\qu)hn?tlgr maximum activity. It is possible to scan in these vectors at
exc ; : higher clock frequencies without exceeding the power btidge
is implemented as on-chip hardware. Two models, one for test W%en the numl:c)ler of transitions in the cirguit re%uces tb 3
sets with peak activity factor of 1 and the other for test sets b

with peak activity factor lower than 1 have been proposed. In 0f the maximum,

test sets with peak activity factors of 1, the test time reduction 1 1

accomplished depends upon an average activity factor @f;.,. For pP— fCVfo (5)
low a;n, about 50% test time reduction is analytically shown. 2 ;o test

With moderate activity, a;n» = 0.5, simulated test data gives

about 25% test time reduction for ITCO2 benchmarks. BIST From (3) and (5),

with dynamic clock showed about 19% test time reduction for the 1

largest ISCAS89 circuits in which the hardware activity monitor P == (6)
and scan clock control required about 2-3% hardware overhead. budget

In test sets with peak activity factors lower than 1, the test time ;
reduction depends on an input activity factor of ai, and an The capacitance and the voltage are constant for a node and

output activity factor of cwour. FOF oW an and high e, a SO the power is proportional to the product of activity and
test time reduction of about 50% is analytically shown. frequency. Since the circuit can withstand a powerg.:, the
Index Terms—Scan test, test time reduction, test power, on- frequency can be multiplied by i, and the power dissipated in
chip activity monitor, adaptive test clock, activity factor, BIST every cycle can still be kept within the allowed limit. Gidd2]
| INTRODUCTION defines peak power as the highest energy consumed during
) ) _ ~one clock period divided by the clock period and the average
Scan testing [1] spends a large fraction of the test tiniwer as the total energy consumed during test divided by
for loading (scan-in) and unloading (scan-out) test data fhe test time. Since the power must never exc&gg c; in
flip-flops that are chained as shift registers. During this-prany clock cycle, both peak power and average power will
cess, random combinational logic activity can producedarge below Py, q,.: in spite of the increased shift frequency.
unintentional power consumption resulting in power supplXiso, instantaneous peak power [2] is consumed right after
noise and heating. If this consumption is higher than theife application of the clock edge. This power depends on the
of the normal functional operation for which the circuit is/ectors scanned in and is unaffected by changes in the scan
designed the test can cause yield loss [2]. Therefore, seféck frequency. Hence, it can be reduced only by changieg th
testing uses a slower speed than the normal operation. Tbet vectors. In this work we assume that the vectors conform
scan clock frequency is determined based on the maximyithe instantaneous peak power requirement.

power consumption the circuit under test can withstand. TheDuring scan tests, gates are either driven by outputs of the

power P dissipated at a node is given by [2]: scan flip-flops or by primary inputs. Primary inputs do not
1 change during scan in and scan out. Thus, scan chain activity
P = 5CV2af (1) is a direct measure of the test power andrgnitoring and

controlling this activity, we can speed up the test as well as

where(C is the capacitance of the nodg, is supply voltage, limit the test power. That is the idea presented in this paper
f is clock frequency and: is a node activity factor. Section Il discusses previous work on test time optimizatio

o Section |ll discusses implementations of the proposed

o = Number of transitions per clock cycle (2) technique. Section IV gives a mathematical analysis of the

The activity factore for a clock signal is 2 because therec1€me. Section V explains the experimental results agdain
ection VI discusses the conclusion of this work.

are two (rising and falling) transitions per cycle. For a €o
binational nodepn ranges between 0 (no transition) and 1 (a II. PREVIOUS WORK

toggle every clock cycle). In the worst case, the frequericy o Many test time reduction methods for scan circuits use

the scan clock can be based on the maximum activity, i. m ; ; ; .
- pression. In a simple compression technique, the number
ﬁ‘mﬁ }r’hz(r)e;g?et the test power can never exceed the po scan chains is increased reducing the number of flip-flops
' ' per chain. This reduces the time for shifting the input vecto
1., 5 bits through scan flip-flops resulting in an overall reductio
Phudget = §CV Jrest () testtime. However, compression techniques require éitbasa
. . in the design and may also suffer from linear dependencies.
where fi.; iS the scan clock frequency anBuage: iS the  ope compression technique keeps the functionality of the
maximum power dissipation the circuit can withstand WithouTE intact by moving the decompression task to the circuit
malfunctioning. Thus, under test [3]. Another technique [4] uses a dynamically
2P, reconfigurable scan tree that applies a part of the test seque
budget . A .
frest = Ve (4) in scan tree mode and the other part in single scan mode.
Reference [5] describes a decompression hardware scheme
In general, the worst case assumptiom = 1.0) can be for test pattern compression. References [5] and [6] use com
modified for any value. Although all vectors are scanned jression algorithms with concurrent application of contioac
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Fig. 1. Test-per-scan built-in self-test (BIST).

) ) to (6), the scan frequency can be raised as the number
and compression. Reference [7] implements a compressiginon-transitions entering the scan chain increases. {Ehis

technique with embedded deterministic test logic on chip {-complished through frequency control and frequencyldivi
provide vectors for the internal scan chains. Reference [§cks in Figure 2. We assume that the response captured
employs alternating run-length codes [9] for test data coffpm the combinational circuit for the previous vector has
pression. ) a transition density of 1, i.e., the scan chain is filled with
Reference [10] employs a two phase testing strategy Whejigarnating 1s and Os before scan-in begins. This pesgmist
the first phase is a scan-less phase for easy-to-detecs faylbrst-case assumption guarantees that the power budgdet sha
and the second phase is a scan phase for hard to detect fagiig.he exceeded. Correspondingly, the scan in of each vector
Scan is performed only until all effective test bits are thuf begins with the slowest frequency;.;, permitted by the
are shifted out. Reference [11] uses genetic algorithms fl@quency generated by the frequency divider that divides
obtain compact test sets, which limit the scan operationfe frequency of an externally supplied fast tester clodie T
References [12] and [13] reduce test application time hyequency control circuit monitors the state of the courder
generating a test for a sequential circuit using combinalio the count goes up it lowers the frequency division ratio @f th
test generation and sequential test generation adaptRely c|ock divider in several steps.
erence [14] proposes a strategy to identify flip-flops to be The counter states at which the clock is sped up can be
removed from scan chains to increase the observability @fund by simulation, which establishes correlation betwie
the circuit so that faults activated during scan cycles can Bjrcuit activity and scan chain activity. If each transitim the
observed at a primary output. The technique proposed in tRigan chain causes a large number of transitions in the tircui
paper can be applied to any scan circuitry, and can be useg#ver consumption reaches large values for low scan chain
addition to many of the methods mentioned above. transition numbers. Thus, a large number of scan chain non-
Hl. | MPLEMENTATION transitions should be counted before the scan clock frezyuen
L . . is stepped up. Similarly, if a transition in the scan chais ha
A. BIST circuit with a single scan chain a small effect on the circuit activity, then only a few non-
We add flip-flops at primary inputs and outputs as showransitions in the scan chain are sufficient to increase¢ha s
in Figure 1 and connect all flip-flops into a single scan chaiolock frequency.
A linear feedback shift register (LFSR), a signature ariglys The reset generator in Figure 2 applies a reset signal to the
register (SAR) and a BIST controller are added to the circuibunter, frequency control block and frequency dividerhat t
to implement the test per scan BIST architecture [14]. BISJositive edge of the scan enable signal, i.e., at the stataof-
vectors are scanned in and combinational outputs are capfor every combinational vector. Since the frequency ahvi
tured through scan flip-flops. Application of a vector inasd cannot generate a f/1 (divide by 1) clock, a multiplexer ctsle
scanning in LFSR bits into flip-flops, normal mode captureither the frequency divider output or the fastest clock.
and scan out (overlapped with next scan in) into SAR. The Let us consider a circuit with 1000 flip-flops. If the slowest
proposed dynamic frequency control is shown in Figure 2. Tisean clock period based on the power budget is 80ns and we
shaded parts of the circuit are not used for this implemimtat raise the frequency in 8 steps, then a modulo 125 (1000/8)
As test vectors are scanned in, the activity (or inactivitygounter will be implementedissuming the wor st-case activity
in the scan chain is monitored at the first flip-flop of thdy the captured states, every scan-in is started with the 80ns
chain. The entering transitions ripple through other flgpfl clock and counter set to 0. The count goes up by 1 at every
in subsequent cycles. This activity does not change if thetkock in which a non-transition enters the scan chain. When
are inversions in the chain. When a transition passes througk count reaches 125, the counter is reset and the frequency
an inverting flip-flop, a rising transition becomes a fallinglivider generates a 70ns clock to scan-in the subsequent bit
transition and vice-versa, leaving the number of trans&tio The counter may again count up to 125 and the clock period
unchanged. would be reduced to 60ns. This process repeats until all 1000
An XNOR gate between the input and output of the firdiits are scanned in. Thus, if the input were a series of 1000
flip-flop monitors the activity. The output of the XNOR gatels, the first 125 bits are scanned in at a clock of period 80ns,
is 0 when a transition enters the scan chain and is 1 whettha second 125 bits at 70ns, until the last 125 bits are sdanne
non-transition enters. The XNOR output is fed to a countén using a clock period 10ns. If the scan-in bits were a series
which counts up for each 1, i.e., a non-transition. The cauntof alternating Os and 1s, the counter would never count up
is set to 0 at the start of every scan in sequence. Accordisigce there are no non-transitions entering the scan cimain a



hence the entire scan-in will use the 80ns clock. Notice thiaéquency is decreased. The rest of the circuitry functitwes

due to theworst-case assumption we start each scan-in with same as described earlier.

slowest clock and so the activity monitor only raises theklo At the start of scan-in of a vector, the frequency control

rate without ever having to lower it during the same scan-iflock is reset such that the frequency of scan clock is the
Clearly, a bit stream with fewer transitions will be scanneslowest possible. This is based on the assumption that the

in faster than one with many transitions. Don‘t cares in deteactivity factor of the vector captured in the scan chain befo

ministic ATPG patterns can be filled in such that the numbéne start of scan-in equals,..;. The scan clock frequency

of transitions is minimum [15]. Also, techniques to generats never increased beyond the highest or decreased below the

BIST patterns with low transition densities [16] may be uef lowest possible frequency regardless of the signal from the

This technique would perform well for such patterns. counter.
S . , It can be observed that this implementation can be easily
B. BIST circuit with multiple scan chains modified for circuits with activity factors equal to 1, by

When the circuit has multiple scan chains, the activity agemoving the flip-flop at the end of the scan chain and tying
all chains must be monitored. XNOR gates are added acrdise countdown signal of the up-down counter to 0.
the input and output of the first flip-flop in every scan chai T . .
Outputs of XNOR gates are supplied to a parallel counter [1r‘?} BIST circuit with multiple scan chains and apear < 1
that counts up by the number of 1s at its input. The rest of theWhen the circuit has multiple scan chains, the activity of all
circuitry remains unaltered and still resembles the unstiadchains must be monitored. XNOR gates are added across the
part of Figure 2. When the count reaches a certain threshoigut and output of the first flip-flop and across the input and
value, the frequency is stepped up and the counter is resmttput of the last flip-flop in every scan chain. The outputs of
Except for the use of the parallel counter the control scherttee XNOR gates at the inputs of the scan chains are fed to

is similar to that in the unshaded portion of Figure 2. the countup inputs of a parallel counter [17] which counts
L ) up by the number of 1s at its coumip inputs. Similarly, the
C. BIST circuit with single scan chain and apear < 1 outputs of the XNOR gates at the end of the scan chains are

The proposed implementation works well for circuits witfied to the countdown inputs of the parallel counter [17] which
test vectors having peak activity factors of 1. It does ngounts down by the number of 1s at its cowtdwn inputs.
require simulation of test vectors in order to estimate thakp The rest of the circuitry remains unaltered and still resesib
activity factor and has low area overhead. However, it is nbigure 2. When the count reaches a certain threshold value,
suitable when the scan clock frequency is computed basedtbé frequency is stepped up and the counter is reset. Except
a peak activity factor d,.q) lower than 1. In such cases, itfor the use of the parallel counter the control scheme islaimi
becomes necessary to modify the proposed model. to that in Figure 2.

The slowest scan clock frequency is chosen using Eq. 1
using values ofv,.., and peak power limit. The number of IV. ANALYSIS
transitions in the scan chain is continuously monitorechat t Let N be the number of flip-flops, k be the peak activity
input and output of the scan chain. factor of the test vectors (K &,cq1), @i, b€ the activity factor

Figure 2 shows the implementation of the technique f@f the scan-in vectory,,; be the activity factor of the vector
BIST circuits with single scan chain and peak activity fasto captured in the scan chain prior to scan-ihpe the number
lesser than 1. The activity monitor comprises of an xnor ga@é non-transitions that enter the scan chain per cyclee the
connected between the input and output of the first flip-flopumber of frequencies arid be the time period corresponding
and an xnor gate connected between the input and output®fhe fastest clock.
the last flip-flop. The former monitors the number of non- The period of the fastest scan clockiuigimes shorter than
transitions entering the scan chain and the latter monitdhe slowest clock. Therefore, the period of the slowestkcloc
the number of non-transitions leaving the scan chain. An uis-given byvT'. If the vectors were scanned in at the slowest
down counter keeps track of the number of non-transitiogck, the total scan-in time per vector would ba/T.
in the scan chain. Thus, the former xnor drives the caymt  If the scan-in vector has a uniform activity factor that
signal and the latter drives the coudown signal of the up- is higher than that of the captured vector, the number of
down counter. The number of non-transitions in the scamchaion-transitions entering the scan chain will be lower than
during any cycle is the difference between that entering ttat leaving it and hence there will be no change in scan
scan chain and that leaving the scan chain. clock frequency. However, if the scan-in vector has a unifor

Since power is proportional to the activity in the scan chaiactivity factor that is lower than that of the captured vectioe
test power is lower when the number of transitions in the scanmber of non-transitions entering the scan chain excéwds t
chain is lower or, in other words, when the number of noreaving the scan chain. Therefore, the scan clock frequency
transitions in the scan chain is higher. As discussed earlieontinuously increased. The scan-in of test vectors igestar
from (6), the scan frequency can be increased when the numkthe slowest possible clock period which equéalsand then
of non-transitions in the scan chain increases. continuously increased.

The up-down counter is reset to 0 at the start of scan-The number of transitions in the scan chain can range from
in. When a non-transition enters the scan chain, the counfeto £N. Therefore the number of non-transitions in the scan
counts up and when a non-transition leaves the scan chahain can range frooV — kN to N —0 i.e., from N(1 — k)
the counter counts down. When the counter counts up tda/V. In order to simplify the valuesy (1 — &) is subtracted
certain threshold value, it signals the frequency conttotl from both limits. Thus, the number of non-transitions can be
to increase the frequency of scan clock and the counternwnitored betweeV (1 — k) — N(1 —k) andN — N(1 — k)
reset to 0. Similarly, when the counter counts down to 0, tie. between 0 andN.
frequency control block is signaled to lower the frequenty o Since the maximum number of non-transitions encountered
scan clock and is reset to the threshold value. Thus, whenebg the activity monitor iskN, a scan clock frequency is
the number of non-transitions in the scan chain increasepgecified for every% non-transitions, in order to enable
the frequency is increased and when the number reduces, fileguency control for all ranges of non-transitions. Tharsc



. . . TABLE |
frequency is therefore increased every time the countemtsou Scan-iN TIME REDUCTION VS. NUMBER OF SCAN CLOCK SPEEDS FOR

up to £ SinceA is the rate at which non-transitions enter the ACTIVITY FACTOR @ = 0.5.
scan chainA non-transitions enter the scan chain in 1 cycle. Ng{ggfgg;ggg” 5|mu|T§|Sct>r}Im?zcr1e(ﬁgt)longE% A
Because 1 non-transition enters the scan chaif itycles,z T 0.00 0.00 0.00
non-transitions will enter the chain i cycles. 2 0.34 0.00 0.00
The first bit in the scan-in vector is shifted at the lowest-pos i 12.0% 1259 | 1239
sible frequency (first frequency employed) which corresison 16 22.03 21.90 21.88
to a time period ofvT. The frequency is not increased until 32 23.56 23.48 23.44
EN non-transitions enter the scan chain as discussed earlier. 16248 2> %ﬁ%g %ﬁ%i
Since a non-transition enters the scan chain e\@rwcles, TABLE Il
kN nhon-transitions are encountered 3. cycles. Thus, the  ScAN-IN TIME REDUCTION VS. ACTIVITY FACTOR a;;, FOR8 SCAN-IN
frequency is not increased until abdiff cycles. The counter ACTvity st time redUcton’y)
is then reset and the frequency is increased to the next step factor, a;,, | Simulation | Eq. (10) | EQ. (14)
which corresponds to a time period (@f—1)T. The frequency 0 43.75 43.75 43.75
is not increased any further until the counter counts up to 8:% %2:88 gg:gg gg;g
%, i.e., until the number of non-transitions in the scan chain 0.3 28.97 28.99 28.75
increases by?* . This occurs after about:™ cycles (since o2 a3l | 2394 2375
a non-transition enters eve@ cycles). Thus, the scan clock 0.6 14.92 14.04 13.75
frequency (second frequency employed) whose clock pesiod i 5L 599 o3 8.2
(v—1)T is used between the cyclés’ and 2. The clock 0.9 0.00 0.00 0.00
period can reach a maximum @f (v*" frequency employed). 1 0.00 0.00 0.00
This frequency is used when the number of non-transitions EN Av @(@ +1) Av
in the scan chain increases by a value in the range between = () (v.o0— -k L T (11)
(©=LEN and kN or in other words, this frequency is used Av' o k 2 k
between clock cycle v—jl))kN and%. Thus, by observation, Time per vector if a single speed is usedN®7', and
thei” frequency corresponds to a clock periodof-i+1)T o _ {NTv— NT(v— % + %)}
when the scan chain has betweba™ %Y and N increase Rteduction in test time = NTo
in number of non-transitions. Th#&" frequency is employed A 1
between clock cycle§ kN and &N — - (12)

o v Av . . =
The scan clock |n|t|alﬁf has a clock period of" in cycle 1. _Q_k _2” o
The scan clock period is decreased in steps until Af¢ The number of non-transitions in the scan chain in any cycle
cycle. Thus, the clock cycle corresponding to the last sc&quals the difference between the number of non-transition
clock frequency isV. If the maximum number of speeds theentering and leaving the scan chain. Non-transitions ehter

scan clock will reach, for any vector is given bythen scan chain at a rate dfl — «;,) and leave at the rate of
) (1 — o). The non-transition density] is therefore given by
N (7) A= our — ain. Thus, the reduction in test time is given by
Av A (aout - ain) _ i (13)
; v 2k 2v
- = 8
= (8)

wherek = 1 for the model where the peak activity factor is
The total scan-in time per combinational vector is the sum assumed to be 1. In this model, the scan chain is assumed to
all clock periods used. The test time at each frequency ingivbe filled with transitions prior to scan-in and hence, thensca

by the product of the number of cycles run at that frequensgctor is assumed to be the sole contributor of non-traumsiti

and the clock period. Total time per vector is given by in the scan chain is . Thus, non-transitions enter the scaimch
N at a rate of(1 — @;n) and henceA = 1 — a;,,. The reduction
E kN (i — 1)kN . in test time for this model is given by
S U - B =it )T} () (-aw) 1
=1 2 - 2% (14)

where v is usually chosen as a power of 2 because we can
design a divide by" frequency divider withn flip-flops. Time A C program was written to generate random vectors for a
per vector if a single speed is used T, and hence, the circuit with 1000 flip-flops. The test time reduction for tees

reduction in test time is given by vectors was estimated, and compared with the values obtaine
o from the formula. Table | shows the test time reduction versu
& kN (i—1)kN , number of frequencies for an activity factor of 0.5. Table I
NTv — 21{” do | — = Mo —i+ )T} shows the variation of test time reduction with activity ttac

(10) when the number of frequencies is 8. Both tables compare the
NTv test times estimated for random vectors (column 2), witls¢ho

If N andv were chosen as powers of 2, Eq. 9 reduces to obtained from the accurate formula (9) (column 3) and from

the approximate formula (14) (column 4).

S LN Tables | and Il show that for a chosen number of frequen-
Total time per vector = Z{(i)(v —i+ 1T} cies, vectors with lower activity achieve higher reduction

~ A test time. The test time reduction increases when the number



TABLE Il

0018

REDUCTION IN TEST TIME FORISCAS89CIRCUITS - TEST PER SCAN S — — = Pt
BIST WITH SINGLE SCAN CHAIN. 2 ooud- . i
Circuit T Number of scan] Number of [ Reduction | Increase in T oot IOynamc lock i
flip-flops frequencies| in time (%) area fo) 2 ost
s27 8 2 7.49 1472 Zooos- g
s298 23 4 14.57 16.25 Zoos
s420 35 4 13.81 13.02 ‘ ‘
s838 67 4 13.51 11.73 s g
s1423 96 4 13.60 8.77 R T R TR R
s5378 263 4 13.03 6.65 Clodexde
s9234 286 4 14.01 5.82 Fig. 3. Activity vs. number of clock cycle for s386 circuit.
s13207 852 8 19.00 3.98 TABLE IV
$15850 761 8 18.97 3.23 REDUCTION IN TEST TIME FORITCO2 CIRCUITS.
$35032 2083 8 18.74 2.55 Circuit Scan Number of Test time reduction%)
$38417 1770 8 18.83 3.14 flip-flops | frequencies| o, =0 [ aip = 0.5 | i ~ 1
$38584 1768 8 18.91 2.13 U226 1416 g 46.68 1875 0
d281 3813 16 46.74 21.81 0
of frequencies increases. The test time initially reduegsdly | 4895 | 8229 32 45.28 23.30 S
for 8 frequencies and after that the reduction is gradual. q12710 | 26158 128 4945 2453 0
p93791 96916 512 49.72 24.81 0
V. EXPERIMENTAL RESULTS a586710| 41411 256 49.73 24.77 0
A. Circuits with apeqr, = 1 was performed on the s386 benchmark circuit. The Synopsys

In verilog netlists of the ISCAS89 benchmark circuits flipPower analysis tool, PrimeTime PX, was used. The activity
flops were added at all primary inputs and primary outputk. A¥er unit time in every cycle was found for the circuit for
flip-flops were converted to scan types and chained togeth@rscan vector with an activity factor of 1. The peak among
Thus, the number of flip-flops in the circuit would be the surifiese values was set as the limit for activity per unit time.
of the number of primary inputs, number of primary outputshe values of activity per unit time of the circuit in every
and number of D-type flip-flops. A 23-bit linear feedback shiftycle were found for a vector with an activity factor of 0.25
register (LFSR), a 23-bit signature analysis register (§ARd Using uniform clock and dynamic clock methods. The results
a test-per-scan BIST controller were implemented [18]].[19are shown in Figure 3. Notably, the activity per unit time in
A single bit output of the LFSR supplied the scan input an@very cycle is closer to the peak limit when dynamic clock
the scan output was fed into the SAR. A suitable number ftethod is used. Also, the peak limit is never exceeded in
random patterns to achieve sufficient fault coverage fohealeoth methods. A reduction of 11.25% was observed when the
circuit [20] was incorporated into the BIST controller. Thelynamic clock method was used. _
sequential circuit along with the BIST circuitry was trechtes ~ The results for multiple scan chain implementation would
the core circuit for test time and area analysis. The countbg very similar to that obtained for single scan chain. Tise te
frequency control circuitry, and frequency divider citcyifor —time will not vary much since the activity of the circuit witie
dynamic frequency control were implemented as shown in thery similar in both single and multiple chain implemerdas.
unshaded portions of Figure 2. The number of frequencies fdpwever, there would be a marginal increase in area due to
each circuit was chosen according to the size of the cirauit e additional XNOR gates at the first flip-flop of every scan
the number of scan flip-flops. chain and also due to the use of a parallel counter as opposed

ModelSim from MentorGraphics was used to simulate tHe the simple counter used for the single scan chain.
circuits with and without the dynamic frequency control-cir These results for reduction in test time conform to the
cuitry. The time required for test application was recorited theoretical results given in Tables | and Il. Two trends are
each case. DesignCompiler, a synthesis tool from Synopsgigarly observed in Table Ill. As circuit size increases th
was used to analyze the area of the circuits with and withoaitea overhead drops and test time reduction improves. These
the dynamic frequency control circuitry. circuits are not very large from today’s standard and we can

Since the LFSR generates pseudo random patterns, éxgect better results as predicted by the analysis.
activity factor is about 0.5. From (8) = 0.5v, and hence, To estimate the test time reduction for larger circuits, an
the number of frequencies the circuit will run at, is half thaccurate mathematical analysis was applied to ITCO2 ¢&cui
chosen number of frequencies. This corresponds to a clofdst time reduction was computed for best;,( ~ 0),
period of (0.5v + 1)T. However, during power analysis, themoderate ¢;,, = 0.5) and worstd;,, ~ 1) cases of scan chain
next higher frequency is taken into consideration, in otder activity factors. The test-per-scan BIST was assumedeTabl
obtain pessimistic data. Thus, power analysis is done forshows the results. The number of scan flip-flops in column
clock period of0.5v7, i.e., for a clock having twice the lowest2 is the sum of number of inputs, number of outputs and
frequency. Therefore, the power dissipated by the cirauit fnumber of flip-flops. The number of frequencies for circuits
an activity factor 0.5 at every node and operating at twiage shown in column 3. The test time reductions achieved for
the lowest frequency, was estimated for every circuit. THeest, moderate and worst case activity factors are shown in
dynamic frequency control circuitry was included in thishn Columns 4, 5 and 6, respectively. Evidently, more test time
ysis. Table 1l shows the results. The number of frequenciesduction can be achieved in larger circuits. The reduction
chosen for each circuit is shown in column 3. The percentagetest time varies from 0% for patterns causing very high
reduction in test time with respect to the test time for thactivity to 50% for patterns with almost no activity. When
core circuit is shown in column 4 and the percentage increasdernal tests are used and an ATPG tool generates them, the
in area with respect to the area of the core circuit is showectors may have very few care bits. The don't care bits can
in column 5. At any node, the capacitance and the voltage filled in using heuristics [21] to minimize scan transigso
are constant. From (1), the power dissipated at any nodeTisen, a dynamic control of scan clock will provide a large
proportional to the product of activity and frequency. Thihe reduction in test time. This is illustrated using the ISCAS8
activity per unit time is a direct measure of power dissigdate benchmark s38584. The Synopsys ATPG tool TetraMAX was
the circuit. Therefore, an analysis to find activity per uimie used to generate two sets of vectors, a set of 961 vectors



TABLE V

REDUCTION IN TEST TIME IN T512505CIRCUIT. reduction is higher for lower values af;, and for higher

) P Tt U 5065 values ofa,,;. This can be explained from the perspective of
Qin ; : : : : : : number of non-transitions in the scan chainalf, is low, the

0 [0 759 15.29 | 22.98 | 30.67 | 38.36 | 46.06 | 49.9 o 4 > 1OV &
01]|0]| O 759 | 15.29 | 22.98 | 30.67 | 38.36 | 42.21 number of non-transitions entering the scan chain is high an
02 |0]| O 0 7.59 | 15.29 | 22.98 | 30.67 | 34.52 if a,ye IS high, the number of non-transitions leaving the scan
03 10 0 0 0 | 759 | 1529 22981 26.83 |  chain s low. Thus, the net number of non-transitions in the
04 |0]| O 0 0 0 759 | 1529 | 19.13 e - . ST >

o5 ol o 0 0 0 0 759 | 11.44 scan chain is high giving a higher reduction in scan-in time.
06 0] O 0 0 0 0 0 3.75
065/ 01| 0 0 0 0 0 0 0 VI. CONCLUSION

Reduction of test application time in power-constrained
with no don't care bits and another set of 14,196 vectors witasting by adoptively adjusting the scan frequency to the
don't care bits. The vector set without don't cares was fourgircuit activity is demonstrated. On-chip hardware, whose
to have an activity factor around 0.5 and the vector set witiverhead reduces as the circuit becomes large, provides the
don't care bits was found to have a low activity factor arounadoptive control. The technique is particularly beneficial
0.01. The don't care bits in the second set were filled usingadhen the peak circuit activity during test is very high bug th
minimum transition heuristic [21]. Reductions of 43.14%lanaverage activity is quite low.

18.8% were achieved for the test vector sets with and withoutAcknowledgment — This research was supported in part by
don't care bits. the National Science Foundation Grant CNS-0708962.

In another typical scenario, a test set may initially camtai
few (say, 10%) high activity(o;,, = 0.5) vectors. These
resemble fully-specified random vectors and achieve abdut 71
75% fault coverage. The latter 90% vectors then detect aboys
20-25% hard-to-detect faults and contain many don't cares
which may be filled in for reducefh;,, < 0.05) activity. The 1!
adoptive test will be potentially beneficial in such cases.

(4]
B. Circuits with apeqr < 1

In order to estimate the reduction in scan-in time achievetl
with the model proposed for dynamic scan clock frequency
control in circuits with peak activity factors lower thanthge
t512505 ITC02 benchmark circuit was chosen. This circuit 6]
large enough to employ 512 different scan clock frequencies
because it has 76714 scan flip-flops.

The pattern sets of various large benchmark circuits werél
studied to analyze trends in peak activity factors. The mean
value of peak activity factorof,..;) in these pattern sets
was found to be around 0.57 and the standard deviatipn ( [8]
was around 0.025. The value of mean & ®as found to
be around 0.65. This indicates that the probability that they
peak activity factor of the test patterns of a circuit wouikl |
below 0.65 is 99.7%. Therefore, the peak activity factortifer [10]
t512505 circuit was set at 0.65. The pattern sets genergrtedlb
TetraMAX ATPG for large benchmark circuits were analyzea11
and it was found that the peak activity factor in these te
vectors never exceeded 0.65.

It is important to note that the value of 0.65 for peak agjivit[12]
factor can be used only for large circuits having flip-flop
numbers in the range of a few hundreds. For smaller circujig]
with flip-flop numbers in the order of a few tens, the pealli
activity factor was found to be 1. 4l

Mathematical analysis was used to estimate the reduction
in scan-in time achieved in the t512505 circuit whep,, = [19]
0.65 and 512 steps of frequencies were chosen. The results are
listed in Table V. It can be seen from Table V that when thes]
activity factor of the scan-out vector(,) is greater than or 17
equal to the activity factor of the captured vectar,f;), there (17
is no reduction in scan-in time. The frequency is increased
only when the number of non-transitions in the scan chalitfl
increases. However, when;,, > a,,: the number of non-
transitions (as counted by the counter) never increases gy
hence the scan-in is carried out at the starting frequenaghwh[20]

is the frequency employed when dynamic scan clock frequency J

control is not implemented. Thus, the reduction in scarnret [21]
is 0% in such cases.

Table V shows the variation of scan-in time reduction
with variation in «;,, and a,,;. It indicates that scan-in time
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