Cost and Benefit Models for Logic and Memory BIST

Juin-Ming Lu and Cheng-Wen Wu
Lab. for Reliable Computing (LARC)
Department of Electrical Engineering

National Tsing Hua University
Hsinchu, Taiwan 30013
ROC

Abstract random pattern generator and signature analyzer techniques
with scan paths [7]. MBIST, on the other hand, is normally
We present cost and benefit models and analyze the ecobased on the march algorithms [8, 9].

nomics effects of built-in self-test (BIST) for logic and mem-  In this paper we propose economics models for estimat-

ory cores. In our cost and benefit models for BIST, we takeing both the costs and benefits associated with LBIST and

into consideration the design verification time and test de- MBIST. We have performed experiments on these models,

velopment time associated with testability. Experimental re- and the results show that a threshold volume exists when

sults for logic BIST and memory BIST examples show thatLBIST is profitable for the case we studied, i.e., it is not

a threshold volume exists when BIST is profitable for the recommended for a volume higher than the threshold. How-

logic core under consideration—it is not recommended for ever, MBIST is shown to be a good choice in general, except

a higher volume. However, BIST is a good choice for mem-when the volume is low.

ory cores in general.

2. Models for LBIST

1. Introduction We consider recurring and nonrecurring costs and bene-

o ) o ) ) fits for LBIST. In our model, the cost associated with LBIST

Built-in self-test (BIST) is receiving growing attention  yainly comes from area overhead. In return, reduced tester
with the advent of core-based system-on-chip (SOC) de-(ime and development time (i.e., time-to-market) represent
sign, which is a natural sequel of deep-submicron VLSI ihe recurring and nonrecurring benefits, respectively.
technology. When cores from different vendors are inte-
grated together on the system chip, the difficulty level of 5 1 Benefit due to Early Market Entry
chip testing rapidly multiplies. Among the most appar-
ent issues are core isolation, core access, system diagno-
sis, test reuse, test compaction, tester qualification, intel-

lectual property (IP) protection, etc. For all these issues, ever, we have observed that the product development cycle

BIST is a potentially good solution, if used properly. How- tually be shortened if DET methodol :
ever, we do care about hardware overhead (area, pin, etc.)may actuatly be shortened i proper methodology 15

. adopted, saving verification and debugging time (mainly in

performance penalty, and extra design effort that may bethe prototyping stage) [5, 6]
aﬁfomateld V.V'trt] B:SfT' An.erc]:.onotmhlcs ("?" co;ts an?_tbenf— We divide the product development cycle into three
EIISS'I)' anadyS|fh ood or We]:g ![ngt be.l'tcos S t?]nd Ieng s 0 stages: the design stage, test development stage, and ver-

T (and other design-for-testability methodologies) s i aiion stage. Our development time modEj})Ythus is
definitely helpful for the project managers and designers
(see,e.g.[1,2,3,4,5,6]). _ Ty = Tusgn + Tea + Toeri, (1)

We analyze the economics effects of BIST for logic
and memory cores in this paper. BIST is a relatively ma- whereTy,,,, is the design timeTy, is the test development
ture DFT methodology, but techniques used in logic BIST time, andT,.,; is the verification (including prototyping)
(LBIST) may be quite different from those used in mem- time. When LBIST is adopted in a design, the development
ory BIST (MBIST). LBIST is normally based on pseudo- timeTy, , = Tysgn,n + Ltdr s + Lverips-

Conventionally, DFT has been considered to lengthen
time-to-market, since extra design effort is required. How-



Our design time model is which is used in the market life cycle model for estimating

the revenue gain. Figure 1 [5, 6] shows a market window
), 2 with three periods: the growth period, maturity period, and
decline period. Early to the market results in extra revenue
as represented by the shaded region in the figure.
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where g is the gate count)Vy,, is the average number
of engineers,R, is the designer skill levelp is the de-
sign reusability factor, and is its complexity. The two
variables,p, andk, are normalized between 0 and 1. The
amountR, is measured in number of gates designed per -
day. With LBIST p is assumed to remain unchanged. AlSO, e, prr
g is expected to increase when LBIST is adopted, i.e., ’ -

Revenue

grLB = (1 + aLB-area)Q, (3) TTMrey

where ar g .rcq represents the area overhead of LBIST,
which will be discussed later. The complexity parameter, : :
can be estimated from the complexity of the functionality i— } I

and specification (e.g., timing and power specifications and Timesaving TTMgrow  TTMmatu TTMdecl Time
silicon budget) of the target circuit. When adding LBIST to . )
the design, the relation betweerands,  is modeled as Figure 1. The Market Life Cycle Model.

kg =k + (1 —K) X aLB_area- 4) The revenue of a product with a delay in time-to-market

To calculatel y gy, ;. ,, W USEg @andkrp in EQ. (2). We
adopt the test generation time model in [10], i.e., our test R = (TTMgrow + 21T Mpmatu + TT Maecr) TT Mrey /2.
development time model is (20)

Tiqg = auq - €9, (5) The overall revenue from the product with an early time-to-

) ~ market (due to LBIST) can be estimated as [6]
whereq, is a constant factor that relates the test generation

time to the IC gate counj. When adding LBIST to the Rrp =((TTMyrow + 21T Mpatn) TTMyey/2)
design, the test development tirfig;, ,, is modeled as y <Tsa7jing + TTMyrow + TT Mumara > 2
(11)

1 TTMgrow + TTMmatu
TtdLB = —on " Qtd - egLBa (6)
590 + (TTMgeer - TTMyey/2)
where the factor “590” represents the test length reduction y Tsaving + TTMgrow + 1T Mpatw
ratio due to LBIST, and will be explained later. Here we TTM g0 + TT Mt ’

assume that the test development time is in proportion to
the test length. The verification time includes the time for
design verification, design debugging, and prototyping (in-
cluding engineering runs). Our verification time model is

wherel'I' My, .., is the market growth period, T’ M 4., 1S

the market maturity period, 7'M, is the market decline
period, andl'T'M,..,, is the maximal revenue per month at
the maturity period without DFT. Therefore, the benefit can
Tyeri = Ty1 + 590 - Tiyo, @ be estimated as

whereT,, is the part of the verification time that is indepen- Brry = Ry — R. (12)
dent of circuit testability, whil&,, is testability dependent.
Again, the number “590” represents the saving factor in ver- 2.2. Man-Power Benefit due to Shortened Develop-
ification time due to the improvement in circuit controllabil- ment Time
ity and observability. Our model f&f...;, ,, is therefore

The benefit for product development man-power is

After calculatingTysgn, ,;» Trd, 5> AT yeriy » Ta, 5 1S Ob- eno " Udeny  Luaving: (13)
tained and the amount of time saved by LBIST is whereNy,,  is the average number of engineers aid,
is the average cost of an engineer per day. Note however
Tsaving = Ta — T, ©) that7’sq.ing 1S NOt Necessarily positive.

TveriLB =1y + T’U2' (8)
BLabur = Nd



2.3. Cost due to Area Overhead In summary, the total benefit for using LBIST is

The LBIST area overhead ranges from 4% to 15% in B = Brry + Brest + Bravor — Carea- (20)
most cases [10]. Our model for the core area with LBIST is
3. Models for MBIST

ALB = (1 + aLB-urca)Av (14)
wherear g qreq IS the area overhead. As to the yield af- For MBIST, we will also consider costs due to extra de-
fected by the area overhead, we adopt the Poisson yieltsign effort and area overhead, and benefit due to reduced
model [11]: testing cost.

Y = e Pad, (15)

3.1. Cost due to Extra Development Effort
wherep, is the defect density. The cost per die due to the

area overhead is modeled as [10] Our model for the extra development cost in terms of
o N Uwafer (ALB A> (16) man-power IS
Area — 1Vou - |
ﬂ—R'lZﬂafer " Qutil YLB Y CLabor = Ndcng : Udeng . TMB, (21)

whereN,, is the production volumé/,,, ., is the cost per
wafer, R, ., iS the radius of the wafer, ang,; is the

utilization ratio of the wafer. A typical value fat,; is

90%.

where Ny, , is the average number of extra engineers for
MBIST, U,,,, is the average cost of engineer per day, and
Ty B is the development time associated with MBIST.

2.4. Benefit due to Reduced Testing Cost 3.2. Cost due to Area Overhead

BIST reduces off-chip communication, so the external Our model for the MBIST overhead is [9]

tester can be greatly simplified. The testing cost savings loago(M _SIZE

thus can be translated to the tester cost: Amp = A<1 + % X 1-33>, (22)
Brest = Ny - T‘R&(ULSQ Ty = ULeqy * Ttrs) whereM _SIZE is the memory capacity. We use the same

sec-year (17) yield model as shown in Eg. (15). The silicon cost due to
area overhead is

whereU¢., is the price of the external logic tester to access U A A

the chip without LBIST,UL.,, ,, is the price of the tester Ciarea = Ny - —g—2der < MB _ _), (23)

to access LBISTR,., is the annual depreciation rate of TRyaper " Cutit \Ymp Y

the testerls.c yeqr IS the number of seconds in one year ] ]
(i.e., 31,536,000)7; is the tester time for the core without 3-3- Benefit due to Reduced Testing Cost
LBIST, andT;, ,, is the tester time for the core with LBIST.
With LBIST, the pm count seems to increase. However, MBIST reduces the time that memory testers have to be

using self test, the pin and frequency requirement of the used [9]. Therefore, similar to Eq. (17), the benefit that we

tester actually is greatly reduced, i.e., gain from this is
Prp Rge
ULeqrp = Qfreq P “ULeg, (18) Brest =N, T#(UMCQ Ty — Upteq 'TtIMB)
sec.year
where a4 IS the tester frequency factof’,p is the Raep (24)

number of pins for the simple inexpensive tester to access - X Unmeqns % Ttz |5

LBIST (typically ranging from three to five if the core is

tested entirely by LBIST), an# is the pin count of the core ~ whereT;,,,,, andT;,,,,, represent the amount of time the
without LBIST. Note that LBIST also can reduce test length memory tester and logic tester are used for the chip with
in most cases, as compared with functional or even sequenMBIST, respectivelyl/y., is the price of a memory tester;
tial ATPG patterns. According to our testability experiment Unzeq,,  iS the price of a logic tester to access the MBIST
which will be discussed later, adding LBIST causes a re- circuit. Similarly to Eq. (18), the relation betweéiyc,,, ,
duction of -1~ in test length, i.e., andUpycq IS

590
T;
590"

Tsec_year

P
(19) UMeqMB = afreq . ﬂ . UMeqv (25)

TtLB = P



where Py, is the number of pins for the logic tester t
access the memory core with MBIST (it normally range
from 4 to 10, and the default is 8 [9]). Also, we assurnr
TthB = Tt/3 and,‘rﬂms = QE/B

In summary, the total benefit from MBIST is

B = Brest — CLabo’r - CArea-

(26)

alpha=0.01
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Figure 2. Fault coverage (FC) vs. test length
for various «pc values.

4. Testability Analysis

Figure 2 shows the relation between fault coverdg€)
and test length (number of vectols) [6, 12], which can be
modeled by

FC=1—¢2rcV, (27)

wherea ¢ is the factor representing the growth rate of FC.
We have experimented the model using ISCAS89 benct
mark circuits [13], and the results are listed in Fig. 3.

The testability improvement ratid,z, g, varies from one
to about one thousand. The weighted arithmetic mean ¢
ar, B 1S calculated as follows:

Zcircuits(N ) )‘LB)
Zcircuits N

whereNN is the number of nets in a circuit, e.g., for s1488,
N = 1488. According to the result, adding LBIST causes
a reduction in test length and testing time by a factor of
“590”, as has been shown previously. Note that the valus
590 was obtained empirically from the benchmark circuits
For practical applications, a better result can be obtained k
looking at the specific class of circuits under consideration

QLB.th = = 590, (28)

5. LBIST Case

We use the chip reported in [14] as a case for our LBIST
model evaluation. The costs and benefits associated wit
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Figure 3. Testability improvement ratios.

LBIST are calculated using our models and are shown in
Fig. 4.

When the production volume is low (less than 4M),
the overall economics effect is dominated by nonrecurring
terms, i.e., labor and time-to-market. For highér values
(above 4M), the effect of recurring costs dominates.
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Figure 4. Analysis results of the LBIST case.

6. MBIST Case

We use the design reported in [9] as a case for our
MBIST model evaluation. The testing benefit is high due
to expensive memory testers and a significant reduction in
memory tester time. As a result, MBIST is beneficial for
medium- to high-volume products, as shown in Fig. 5.
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