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Abstract

With increasing process variability and defects, VLSI ar-
chitectures are moving toward multiple on-chip cores that
offer redundancy, independence and isolation—an oppor-
tunity for a dramatic improvement in chip manufacturing
yield. This work develops yield and cost models for “spar-
ing,” a strategy of architecting redundant on-chip cores,
and later at deployment or run time, using only a subset
of the resources that meets functional and performance
specification. We show that core “sparing” reduces the to-
tal chip cost from the traditional O(A*) down to O(A%),
where A is the area of the chip, without performance
degradation associated with the alternatives. This strat-
egy is more cost-efficient than fine-grain redundancy and
fault-tolerance, and it can be deployed easily in the exist-
ing OS infrastructure.

1 Introduction

Chip manufacturing yield is among the key factors af-
fecting chip cost. Correcting poor yield requires inter-
vention at multiple levels: devices, circuits, and archi-
tecture, but each layer has a limited impact on the final
product yield. For example, semiconductor process im-
provements are constrained by the discrete and stochastic
particle nature of wafer processing. Designers use larger
than necessary transistor sizes and leave extra space be-
tween lithographic features to combat process variations
and defects. However, this “over-engineering” dramati-
cally diminishes the performance improvement expected
from Moore’s Law scaling in logic density, power con-
sumption and clock rates. Designers also use circuit tech-
niques, such as differential logic for better noise immu-
nity, or introduce redundancy in circuits (e.g. DMR), to
reduce the impact of defects and variations. These cir-
cuit techniques and device over-engineering create “fine-

grain” redundancy. An alternative to “fortifying” circuits
could be an architecture with “coarse-grain,” core-level
redundancy — a multi-core architecture.

Consider a multi-core architecture with the cores iso-
lated from one another via distinct clock, voltage do-
mains, and a latency insensitive, asynchronous inter-core
communication fabric. With this architecture, each core
runs at its own rate and contains faults and performance
variations within. This architecture results in an inher-
ently redundant fault and performance variation isolation
model that can dramatically improve manufacturing yield.
At post-manufacturing time, or even during chip power
up or dynamically at run time, the chip can test and dis-
able faulty and under-performing cores, and select a sub-
set of cores to run an application. This is not a novel
idea: fine-grain “sparing” is used in DRAM [17], and cur-
rently coarse-grain “sparing” is employed in Niagara [12],
Cell [9] and other processors. [8] models the architecture
yield with block redundancy for wafer scale integration
(similar to “Module redundancy” in Section 2).

As process technology is moving toward smaller di-
mensions, the impact of manufacturing defects and varia-
tions increases sharply. The question of how to best utilize
chip resources and introduce redundancy to improve chip
yield is still open. We develop a model for a multi-core
die yield and cost with core “sparing,” and examine sev-
eral questions:

e What are the bounds of core “sparing”?

e How does core redundancy compare to module redun-
dancy and device over-engineering?

e With the trends in semiconductor technology, what is
the optimal core area that minimizes the number of
faulty on-chip cores and maximizes the yield?

e What is the relationship between area overhead of
multi-core architectures and the yield?

The paper starts with Section 2, which creates a taxon-
omy of on-chip redundancy schemes and discusses their
requirements, limitations, and the previous work. Sec-
tion 3 reviews a traditional die yield model. Section 4
develops a new die cost model with core “sparing”. To
compare the impact of core sparing with the impact of



other redundancy schemes, Sections 5 and 6 develop mod-
els for device over-engineering and module redundancy.
Section 7 and 8 discuss the results and conclude.

2 Resource Redundancy

As semiconductor device size shrinks, system yield and
reliability become increasingly difficult to manage due to
a combination of physical defects and parametric varia-
tions. Although process and manufacturing engineers are
constantly finding new ways to optimize yield through im-
proved accuracy and precision of semiconductor process-
ing steps, the quantities of substances used approach ones
to tens of atoms, and thus make it impossible to control re-
liably. When dealing with a stochastic processes on a very
small sample size, redundancy must be used effectively to
manage performance and yield. We examine two critical
questions: (1) where to use redundancy and (2) how to
manage it? The following classifies different redundant
resource schemes and analyzes them based on cost, im-
plementation, and the impact on performance variations
and yield. Table 2 summarizes these schemes with the
compact simple models developed in this work.

Device Over-engineering. To improve yield and re-
silience to process variation, engineers employ device and
interconnect widths and inter-device spacings larger than
required by design rules. Although this technique has a
significant permanent impact on area and performance, it
reduces variance on such parameters as transistor thresh-
old voltage and line edge roughness [3]. Increased feature
sizes reduce the critical area affected by defects, and thus
can significantly improve the yield (assuming equivalent
defect size distribution and die size).

This technique must be used sparingly due to its high
cost. Depending on details, it has from linear to quadratic
impact in die area, and up to a linear increase in de-
lay and power consumption with respect to the “over-
size” factor. Due to its static nature, decisions about chip
area allocation must be made at design time and for the
worst case, rendering device over-engineering less effec-
tive in future semiconductor generations when tiny phys-
ical dimensions preclude our ability to carefully control
the manufacturing process.

Fine grain circuit redundancy With greater uncer-
tainty in the manufacturing process, circuit techniques
such as error-correcting codes (ECC) or double module
redundancy (DMR) can detect and correct both manu-
facturing and transient faults. With redundant circuits,
the designer can contain the problem to avoid its propa-
gation through the system. With appropriate coding the
area overhead of these techniques can be smaller than that
of device over-engineering. Still, they incur a permanent
cost on circuit performance, even they do not lengthen the

critical path. By adding redundancy, one increases the
number of “near critical” paths in the circuit, which due
to process variations result in a greater chance of a longest
outlier path that determines the circuit performance. How-
ever, by overclocking a circuit and relying on error cor-
rection to compensate for variations and defects, the sys-
tem can sometimes optimize overall power/performance
and yield [2]. As with device over-engineering, decisions
about where to add redundancy and which codes to use
must be made early at design time and for the worst case.

Module redundancy There are two principle differ-
ences between fine grain circuit redundancy and mod-
ule redundancy. (1) On larger modules, one typically
encounters resource replication (e.g. DMR) rather than
code-based error correction because it is a more natural
and general solution. Coding works well on small arith-
metic and communication circuits, but it is non-trivial for
complex modules. (2) The larger module size allows for
more flexible run-time resource management controlled in
hardware or even in software.

For example, consider the following fault management
scenarios on a super-scalar processor with several redun-
dant ALUs. Scenario 1: every instruction runs through
three distinct ALUs and the majority result is used [18].
Scenario 2: only some instructions (perhaps in the “reli-
able” section of a program) run in this TMR mode. Sce-
nario 3: temporal redundancy (running instructions sev-
eral times through the same ALU) used on some or all
instructions [1]. Scenario 4: normal mode, all instruc-
tions run once through an ALU to maximize instruction
throughput and processor performance. Hardware or soft-
ware can select a scenario at run time and utilize the flex-
ibility to use the redundant modules as a fault-resilience
mechanism and as a raw computational resource.

Device over-engineering, fine grain circuit and module
redundancy share two common problems: (1) interdepen-
dence and (2) spatial correlation. First, since the redun-
dant devices, circuits and modules form a part of a larger
design, their faults and performance variations can prop-
agate through the entire system. Second, since redundant
components (e.g. ALUs) are typically located in the same
part of the die, they are identically influenced by spatially
correlated performance variations and defect clustering.
For example, all redundant components might be under-
performing according to specification, rendering the en-
tire die nonfunctional. These problems combine to re-
duce die performance and yield. An ideal solution would
maximally isolate the redundant components from each
other and distribute them over the area of the chip. Al-
though this does necessarily imply a multi-core architec-
ture, multi-core is the most natural manageable solution.

Core-level redundancy Let us focus on processor
cores, although different cores would not qualitatively af-
fect our discussion. With Globally Asynchronous Lo-



cally Synchronous (GALS) implementation and an ap-
propriate communication fabric (e.g a network-on-chip),
we achieve both functional and performance isolation be-
tween the cores. With redundant cores, the system can be
fault-tolerant. Two aforementioned problems are solved:
(1) no interdependence, the faults and variations only af-
fect a core but not its peers; (2) cores are distributed all
over the die. They can operate independently at different
performance points dictated by intra-die variations, and
be less affected by defect clustering.

After manufacturing the chip is tested, and faulty cores
can be disabled with fuses. Well designed inter-core com-
munication protocol ensures that disabled cores simply
appear unavailable and are not used by their neighbors.
Alternatively, managing such a multi-core environment
can be accomplished with an operating system. A task
scheduling algorithm (e.g. task stealing) can automati-
cally adopt to a system with cores with heterogeneous per-
formance, since each core processes tasks at its own rate.
The defective cores do not run at all, and since they do
not steal tasks, they appear busy or unavailable. The pri-
mary impediment to such a flexible multi-core system is
the communication fabric overhead—currently being ad-
dressed by many researchers [10, 13]. Early results indi-
cate that an on-chip network can reduce power consump-
tion up to 40% with core voltage and clock scaling at the
small performance penalty of 10% on a 6x6 array of pro-
cessors [21, 22]. More work is still required to obtain a
definitive answer, since the reported results are not gen-
eral, but tied to design choices and assumptions.

3 Traditional Chip Cost Model

This section is a short review of cost modeling for tradi-
tional single core chips. We use the yield model based on
negative binomial defect distribution [14, 11], where the
die yield is the probability that n defects hit the critical
area A given an average defect distribution Dy:

I(a+n) (ADy/o)"
A,Dy) = 1
PmA Do) = 2 EG) (T ADy o) e M
We are interested in defect-free area, n = 0:
p(0,A,Dg) = (1+ADo /)% )

Our die cost model ignores test and packaging costs be-
cause they are not relevant to the discussion:

_ Cwafer
Dies/Wafer x Yyie
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Cuie

| Param | Description \
Ciie die cost
Cyager | processing cost for a wafer (1250)
Yiie die yield
Yy gross wafer yield (1)
Yeore core yield (a function of core area)
Agie die area
Dyyafer | wafer diameter (300mm)
Do avg defect density (0.0002/mm?)
o defect clustering factor (3)
A, per core infrastructure overhead (1mm?)
Af total fault-free, functional die area
Ny total number of fault-free cores

Table 1: Parameters used in the models. (Default values)
are those used in the graphs.

The wafer cost is fixed and outside of our control, but the
die area determines both Dies/Wafer and die yield Y,:

X Dwafer

Dies/Wafer = 4)
/ V 2Adie
Yaie = Yop(0,Agie,Do) (5

where we assume that the critical area Ac = Ay, Which
gives a pessimistic yield prediction, but does not affect
the trends discussed in the work. Table 1 summarizes the
parameters in these and other models developed in this
work. By combining Ay, and Cg;, we obtain a formula-
tion of die cost:

o
Cwafer\/m (1 + DoxAdie EAdie)

TTX Dwafer X YO

o+l
~ 0 <Adie 2)

The cost grows as a high-degree polynomial function of
die area. With our default case a0 = 3, Cgie = f(A32).

Ciie = (6)

Caie 7

4 “Sparing” defective in

multi-core chip

cores

Architectures with redundant cores can disable faulty
cores and operate a subset of a die. The area overhead
of such an architecture stems from independent core-level
power delivery networks, and inter-core communication
infrastructure that includes synchronization, arbitration
for shared resources (e.g. buses, links), efc. Let us des-
ignate A, to be per core overhead in this architecture. If
a designer requires functional, fault-free die area A s, how
should the chip be partitioned into cores to minimize total
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Figure 1: Cost vs the core count for different overheads.

Notice a different optimal Ny for each overhead.

die cost? Let Ny be the number of functional equal size
cores, and each core incurs a fixed area overhead A,:

A
Acore = Niji +A, (8)
Ny Ny
Ay Acore X =L = Apgre X ———F (9
die core Ycore core p(OaAcore7D0) ( )

The total die area Ag;., which determines chip cost, com-
prises N = ~= cores: Ny functional and (N — Ny) defec-
tive ones. When defective cores are disabled, the chip is
left with Ny functional cores with the aggregate area Ay.
Substitute Equation 5 for core yield:

A Dy (A o
(i) (5 ()

Each manufactured N-core die contains the desired Ny
fault-free cores, and therefore Y, = 1. The trade off is
that core sparing scheme produces larger but perfect yield-
ing die, but fewer of them per wafer. Let us designate Y
as gross yield to capture external factors such as wafer
and facility yield. The total die cost is constant for a given
total die area:

Adie =

C Cwafgr _ Cwafer X 4/ 2Adie (10)
die Dies/WaferxYy T X Dyafer X Yo

Do (4 ¢
Cuager\|2V; (5 +40) (142 (3£ +4,))
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Figure 1 illustrates the equation above. With a few
cores (large cores), the die cost is high due to low core
yield. As the number of cores grows, the overhead of sep-
arate clock, voltage domains and interconnection fabric
of many small cores begins to dominate the area and the

cost. For each overhead A,, there is a unique number of
functional cores Ny that minimizes the total die area and

=0to

the total die cost. To find optimal Ny, solve aa’;f;;_e

obtain (details are omitted for brevity):

Do (“5) + /D3 (%1)" + 4

2 (1 + LO;AD)

Nfopt =Af X

The optimal core size is:

A ) (1 + D0><A(,>
Aopt = =

Nf,opt DO(OL l)+\/m

The optimal core size that minimizes total die area (both
functional and faulty cores) depends only on defect den-
sity Dy, semiconductor process o and overhead A,. Sub-

. Ap . . .

stitute Ny opr = ﬁ; into Equation 10 to obtain:
Cwa fer

Dyyq f erYo

245
A()pt
Cie ~ 0(V/Ay)

Multi-core architectures that enable core sparing asymp-
totically reduce chip cost and provide flexibility for yield
management at manufacturing, deployment and run time.
Figure 2 illustrates the relationship between die cost Cy,
and functional area A for traditional monolithic unicore
architecture and for a multi-core architecture with spar-
ing. Optimal core size (A,,/) was used for the multi-core
case. One can observe the clear difference in asymptotic
behavior. Figure 3 illustrates the overhead of multi-core
architecture with sparing, the ratio of functional area to
the total die area (- v Ar ) that includes both the spared de-
fective cores and A, x N of infrastructure overhead. Ad-
ditionally, the figure shows that the optimal core size A,
increases as expected with the infrastructure overhead A,.

Ciie = 1D

Dy «
(Aopr +40) | 1+ o (Aopt +4A0)

(12)

S Yield and Over-engineering

Core “sparing” results in an asymptotic cost improve-
ment, but how does it compare with redundancy from
over-engineered semiconductor devices? An accurate
general yield model that relates the transistor and inter-
connect sizes and the chip yield is difficult to create with-
out circuit structure and layout details. The model be-
low captures the trends instead. The yield depends on the
defect-sensitive “critical” area A¢ [4]:

Ac = Agie /0 " K(x)S(x)dx
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where x is defect diameter, K(x) is the fault probability
kernel, and S(x) is defect size distribution. Assume that
defects have a circular shape. K(x) and S(x) depend on
the process feature size as illustrated in Figure 4. The
actual values of these parameters are not critical to our
discussion, but the overall monotonicity is. Defect size
distribution S(x) can be defined as [6]:

0, ifx<xg

S(x) = k .
%, otherwise
X

where xg is the minimum defect size, i.e. defects smaller
than xo have no impact on yield. Fault probability kernel
usually has the following definition:

0, if x <Xpy
f(x)v if Ay < < Winax
1, otherwise

K(x) = (13)
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Figure 4: Tllustration of S(x) and K (X) functions.
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Figure 5: The critical area for a “short” fault located be-
tween the dashed lines.

where 0 < f(x) < 1 is a monotonically increasing func-
tion that represents the probability that a defect of size x
creates a fault. A defect larger than the maximum size
Wiax Will result in a fault independent of its location on a
die. Figure 5 illustrates a “short” defect in the intercon-
nect structure, where all interconnect segments are paral-
lel to one another. For this “short” fault f(x) = x —s and
Wiax =W+ 8.

Consider die area Ay, with feature size of 2A. A crude
estimate of the total device count (TDC) on the die is:

Adie

TDC =
S0 7\«2

where s is the actual device size in terms of A? squares
(e.g. a minimum size transistor could be 6-8 A?). When
a designer increases device feature sizes by a factor of F
to improve resilience to faults and variations, the total de-
vice count drops quadratically for the same die area while
expected operating frequency drops linearly [15]:

Agie Jo
TDC = ————— and F =2
So(FA)? and Freq = -

How does F' affect the yield? As F increases, defect
size distribution S(x) does not change for a given process.
However, the fault probability K (x) decreases because Ao
is replaced with FAy in Equation 13. Since f(x) is mono-
tonically increasing, we can approximate K (x) with unit



step function to get the worst case fault probability:

0, ifx<FAy
Kp(x) =u(x—FAy) = . (14)
1, otherwise
The critical area A¢ affected by defects:
Ac = Ade / Kr(x)S(x)dx (15)
— A / ux—Flo)S)dx  (16)
0
>k
= A [ S (17)
Flo X
B k
= AdieT% (18)

S(x) is a valid probability distribution, which requires
7. 8(x)dx =1 and thus k = Zx%. Assume, for example,
that minimum defect size xg = %7»0, to obtain:

238 1
Aron2 - Adie

A
¢ 4F2

(19)
which suffices to illustrate our point that the critical area
decreases as device features grow by xF'.

The reduced critical area, however, comes at the ex-
pense of a lower device count and lower clock frequency.
To make a fair metric, instead of focusing on the die cost,
we maximize the product of the total device count (TDC)
and clock frequency. In effect, this maximizes the num-
ber of functional devices in a fixed die area and their speed
— the total on-chip functionality (features). Let N be the
total number of on-chip cores, both faulty and functional.
Setting so = 1 and fo = 1 for simplicity (they do not affect
the qualitative result), we obtain:

A
Are = =4 (20)
Acore
Yeore = Yop (07 4F2 7D0) 21
TDC = N XYepre X 4?’; (22)
1
Freq = 7 (23)
maximize TDC x Freq 24)

Figure 6 illustrates TDC x Freq for Agie = 400mm?, and
shows that to maximize the number of fault-free tran-
sistors running at the highest possible clock frequency,
F = 1and N = 11 for our parameters: Dy = 0.0002/mm?,
o = 3 and multi-core overhead A, = 1mm?. Although,
there is no closed form solution for F' to demonstrate that
F = 1.0 (no device oversizing) always maximizes device
count and frequency product, it is the case on a range of
parameters analyzed. Although over-engineering devices
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Figure 6: Device oversizing vs functional cores on a
Agie = 400mm?*. N = 11, F = 1 maximize TDC x Freq.

improves the yield for a fixed die area, the reduction in
the device count and the frequency undermines the gains.
“Sparing” cores is more effective to maximize chip func-
tionality.

The story is not complete, however, since we have not
considered the positive impact of device over-engineering
on reducing stochastic process variations. For example,
the variance on such parameters as transistor threshold
voltage, decreases as feature sizes grow (Cy, ~ %). We
are developing yield models based on device feature sizes
and parametric variability. Together variation and defect
based models would paint a complete picture and a pre-
scriptive approach for simultaneous optimization.

6 Circuit and Module Redundancy

Although redundant circuits and modules do not offer the
same resource management flexibility to the OS as the re-
dundant cores, there are situations where redundant cir-
cuits are most effective (e.g. DRAM columns).

The yield model for cores with redundant resources de-
pends on two parameters: r € [0, 1] — the fraction of the
area fortified by redundancy, R € [1,0) — area replication
factor that describes the overhead. For example, if 20% of
the area is consumed by ALUs, implemented with DMR,
then » = 0.2 and R =~ 2 ignoring comparator overhead.

If we need functional area A, then the total area includ-
ing the redundant resources is:

Asotal =A(1—=7r)+ArR=A(1 —r+rR) (25)

Assuming that the redundant module structure tolerates
up to N faults:

Y p(0,A(1 —r),Do) x ZN_p(n,ArR, Dy) (26)

The yield for the area A is the product of probabilities that
A;orar 18 fault-free and the sub-section ArR with “redun-
dant” modules contains zero or one fault. This naturally
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extends to an arbitrary number of tolerable faults. Com-
bining with the multi-core yield model, we obtain the total
die area model. If the design requires total functional area
Ay that is partitioned into Ny cores, then

A
' (1—r+rR)+A,

Acore = Nf
Yeore p(OaAcore(l - r),D()) X ZIyY:OP(”vAcorerRaDO)
Ny
Agie = S XAcore
Yeore

Figure 7 illustrates the relationship between the total
die area and the choices for » and Ny. The total die
area includes the fault-free cores and the spared faulty
cores. Each functional core provides Ay /Ny of fault-free
area, but occupies larger area A..r that includes redun-
dant modules and multi-core overhead (A,).

Figure 8 shows that the dominant factors that determine
the optimal (r,Ny) are the replication factor R and defect
density Dg. There are two regions shown in the graphs:
(1) low replication factor R suggests that modular redun-
dancy should be used on the entire core (r = 1). (2) As
replication overhead R increases, the overhead of modu-
lar redundancy becomes too expensive and core sparing is
strongly favored.

7 Discussion

Table 2 summarizes the effect of different redundancy lev-
els on yield, area and clock frequency. As Sections 4 and 6
demonstrate the core and module redundancy can mini-
mizes total die area and the die cost. The primary advan-
tage of this coarser grain redundancy over the fine grain
device over-engineering is its minimal impact on clock
frequency.

Figure 9 compares the die cost for different redundancy
levels. Each curve represents the die cost under optimal
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Figure 8: Optimal (r,Ny) parameters to minimize the total
die area Ag;, for functional area Ay = 400.

parameters: core size A, , fortified fraction r, and over-
engineering factor F. The x-axis shows functional area.
Core sparing consistently results in the minimum die cost
compared to other schemes. Based on our models, the
best use of die area is a set of independent cores that can
be spared. Other forms of redundancy do not provide suf-
ficient yield boost to compensate for their area overhead.

Section 4 demonstrates that core “sparing” results in
Cjie ~ O(v/A) if the optimal core area is used. The op-
timal core area depends only on the process parameters:
defect density (Dp), process complexity o, performance
variations (o), and the area overhead (A,). A, is the result
of independent clock and voltage domains, and the asyn-
chronous communication fabric. Without this overhead,
simply selecting the smallest possible core size would
minimize the die cost, since the probability of a core being
defective or “slow” would be minimal.

Even ignoring the overhead, one cannot select an arbi-
trarily small core, since we require a core with a minimum
functionality and compute power. Modern CAD tools
and compilers cannot partition or parallelize applications
into arbitrary sized communicating components. How-
ever, tools cannot be blamed entirely, since many classes
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Table 2: Comparison of different redundancy levels
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of applications do not partition arbitrarily, but naturally
divide into coarse-grain tasks or very fine-grain logical
functions, but nothing in between. This limitation places
application specific restrictions on useful processor core
sizes, which in turns affects achievable die yield.

What is the typical processor core area today? Existing
commercial and academic multi-core architectures show
that a super-scalar processor core ranges from 27-51GA?,
while a simple, in-order core requires 0.5—-11GA? of sili-
con area [7, 19, 20, 5, 16, 12]. The rest of the die typically
contains caches, which are protected by ECC. Architects
striving to optimize yield have a range of options for core
area, i.e. they can select a core to meet their application
requirements and also minimize the impact of defects and
performance variations.

8 Future Directions and Conclusion

Redundancy in some form is and will increasingly be re-
quired to combat manufacturing defects and performance
variations. The models presented help to answer several
critical questions. Where and how to use redundancy in
circuit and architecture design? Should we strive toward

fewer, but reliable cores with fine grain redundancy, or
make greater number of smaller but possibly faulty cores?
Our simple model of device over-engineering and mod-
ule redundancy suggest the latter: many unreliable, high-
performance cores. However, to properly answer this
question, we will investigate the relationship between de-
lay, area, power, error correction enabled by each type of
redundancy.

We are working to extend the defect-based yield mod-
els with intra-chip performance variations to allow joint
architecture parameters optimization. This requires model
parameters and results to be validated and calibrated with
real world data.

Multi-core architectures with independent clock and
supply voltage domains offer an opportunity for core spar-
ing to optimize manufacturing chip yield. Sparing dra-
matically improves chip yield and reduces chip cost from
the traditional O(A*) to O(v/A), when optimal size cores
are used.
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