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Abstract—In nanoscaled technologies, increased inter-die and
intra-die variations in process parameters can result in large
number of parametric failures in an SRAM array, thereby, de-
grading yield. In this paper, we propose a self-repairing SRAM to
reduce parametric failures in memory. In the proposed technique,
on-chip monitoring of leakage current and/or delay of a ring
oscillator is used to determine the inter-die process corner of an
SRAM die. Depending on the inter-die Vt shift, the self-repair
system selects the proper body bias to reduce parametric failures.
Simulations using predictive 70-nm device show that the pro-
posed self-repairing SRAM improves design yield by 5%–40%. A
test-chip is designed and fabricated in IBM 0.13- m CMOS tech-
nology to successfully demonstrate the operation of the self-repair
system.

Index Terms—Design, failure, SRAM, variation, yield.

I. INTRODUCTION

DIE-TO-DIE and within-die variations in process parame-
ters can result in functional failures (read, write, access,

and hold failures) in SRAM cell (Fig. 1) [1], [2]. The functional
failures due to parametric variations (hereafter, referred to as
parametric failures) degrades memory yield (i.e., the number
of non-faulty chips) [2]. Due to small geometry of the cell
transistors, the principal reason for parametric failures is the
random dopant fluctuation induced threshold voltage mis-
match between neighboring transistors of a cell (i.e., random
within-die or intra-die variations) [1], [2]. On the other hand,
die-to-die variation in process parameters (say, Vt) can amplify
the effect of intra-die variations, thereby, increasing the failure
probability of a cell. In particular, low-Vt dies has a higher
probability of read and hold failures while high-Vt dies suffer
mostly from access and write failures [3]. Hence, a self-re-
pairing technique in SRAM that reduces read/hold failures
in low-Vt dies and access/write failures in high-Vt dies can
considerably improve yield [3]. This can be achieved by using
adaptive repairing technique such as application of adaptive
body bias (ABB) [3]–[6]. Application of reverse body bias
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Fig. 1. SRAM cell storing “0” at node R.

(RBB) in low-Vt dies increases their Vt, thereby reducing pos-
sible read/hold failures in SRAM cells. Similarly, application
of forward body bias (FBB) in high-Vt dies decreases their
Vt, which reduces the number of SRAM cells failing due to
access and write failures [3]. To apply self-repairing techniques
to SRAM, it is necessary to detect the inter-die Vt corner of
a die even under presence of large intra-die variation. In this
paper, we propose a self-repairing SRAM that successfully
detects the inter-die Vt corners by monitoring the leakage of
a memory array or delay of a ring oscillator. Using delay and
leakage monitoring, the proposed SRAM apply proper body
bias to reduces the number of parametric failures in a die and
improves memory yield. The proposed design is first designed
and simulated using predictive 70-nm technology [7]. Simu-
lation results show 5%–40% (depending on the inter-die and
intra-die Vt variations) yield improvement for a 256-kB SRAM
array. The proposed self-repairing SRAM is implemented in
IBM 0.13- m CMOS technology. Design and measurement
of the test-chip successfully demonstrate the operation of the
self-repair system.

II. BACKGROUND: PARAMETRIC FAILURES AND
ADAPTIVE REPAIR OF SRAM

Random within-die variation in process parameters (princi-
pally, Vt variation due to random dopant fluctuations) results in
different types of parametric failures in an SRAM cell. The para-
metric failures in SRAM are principally due to access (reduction
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Fig. 2. Effect of inter-die Vt shift and body bias on the failure probabilities. (a) Cell failure probability with inter-die Vt shift. (b) Memory failure probability with
inter-die Vt shift. (c) Effect of body bias on cell failure.

in the bit-differential produced while accessing the cell), read
(data flipping while reading), write (unsuccessful write), and
hold (data flipping at a lower supply voltage in standby mode)
[2]. An SRAM cell can fail due to any of the above four mecha-
nisms. A column of an SRAM array is defined to be faulty if any
of the cells in that column is faulty. An entire SRAM array is
said to be faulty (memory failure) if number of faulty column is
more than the number of redundant column (assuming column
redundancy).

Proper sizing of the cell transistor can reduce the failure (due
to within-die variation) probability of a cell at nominal inter-die
corner [2]. However, the global inter-die variation in process
parameter (such as Vt) can amplify the effect of local random
variation. To understand this, we first applied a certain amount
of Vt shift to all the transistors in an SRAM cell (represents an
inter-die Vt shift). Next, we apply random intra-die Vt varia-
tion to each transistors in the cell and estimate different failure
probabilities using the method proposed in [2]. At low inter-die
Vt corner read (lower static noise margin) and hold (higher
subthreshold leakage of pull-down transistor) failures are more
probable at [2]. At high inter-die Vt corners, due to reduction in
the current of the access transistors write and access failures are
expected to high [Fig. 2(a), simulation in predictive 70-nm tech-
nology]. Hence, failure probability of a cell and an SRAM array
strongly depends of the inter-die process variations. At nominal
inter-die corner, low cell failure probability (region B), makes
memory failure very unlikely as number of faulty columns is
more likely to be less than that of redundant columns [Fig. 2(b)].
If negative (large read/hold failures in region A) and positive
(large access/write failures in region C) inter-die Vt shifts in-
crease beyond a certain level, memory failure probability be-
comes very high [Fig. 2(b)]. Hence, shifting of the dies from
region A and C to region B (i.e., region B is widened) using
adaptive repair technique improves yield [Fig. 2(b)].

Application of body bias can be used for adaptive repair of the
dies [3]. For simplicity, we have assumed application of body
bias only to NMOS devices of an SRAM cell. Forward body
bias reduces Vt of the access transistors thereby reducing ac-
cess and write failures for high-Vt dies in region C. On the other
hand, reverse body bias increases Vt of the devices thereby re-
ducing read (higher static noise margin) and hold failures (lower
subthreshold leakage) for low-Vt dies in region A [Fig. 2(c)].

Hence, proper body bias can reduce the dominant types of fail-
ures in dies in region A and C and shift them to region B. Based
on the above observation, we propose a self-repairing technique
for SRAM by detecting the inter-die Vt corner of a die and apply
proper body bias to reduce number of failures. In this approach,
detection and correction of global die-to-die variation are used
to reduce the effect of local variation, thereby improving the
yield.

III. LEAKAGE AND DELAY MONITORING FOR DETECTION
OF INTER-DIE VT SHIFT

To determine the correct body bias to apply to the SRAM chip
for yield improvement, the inter-die process corner of a memory
chip needs to be determined. The detection of the inter-die Vt
corner (in the presence of large intra-die Vt variation due to
RDF) of a die can be achieved by monitoring the leakage of a
large SRAM array (instead of monitoring the leakage of a single
transistor or cell) or delay of a long inverter chain (instead of a
single one). Leakage distribution due to random within-die Vt
variation of a cell from low inter-die Vt corner can overlap with
that of a cell from high inter-die Vt corner [Fig. 3(a)]. How-
ever, since leakage of a large SRAM array is the sum of the
leakage of all the cells, the leakage distribution of the arrays
(due to within-die Vt variation) from different inter-die corners
are well separated [Fig. 3(b)]. This essentially follows from the
Central Limit Theorem [8]. Similarly, for an inverter chain of
small length (say, three), the inter-die shift in the delay can be
masked by the intra-die variation [Fig. 4(a)]. However, for a long
inverter chain (say, 300) the delay distributions (due to intra-die
variations) are well separated [Fig. 4(b)]. We used the following
criteria to determine the minimum array size (say, ) re-
quired for effective separation (a similar criteria is used to de-
termine minimum length of inverter chain:
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Fig. 3. Effect of random intra-die Vt variation at different inter-die Vt corners of SRAM. (a) Leakage distribution (due to intra-die variation) of an SRAM cell.
(b) Leakage distribution (due to intra-die variation) of the 1-kB SRAM array. (c) Minimum memory size versus intra-die distribution.

Fig. 4. Vt-binning with monitoring the delay of an inverter chain. (a) Three-stage inverter chain. (b) 300-stage inverter chain. (c) Minimum number of stages for
effective separation.

(1)

Fig. 3(c) and Fig. 4(c) show that memory array larger
than 1 kB and inverter chain more than 300 stages long can
provide good separation under reasonable variation. Hence,
array leakage and/or delay of long inverter chain area reliable
indicator of inter-die Vt corner even under large intra-die
variation [3].

IV. SELF-REPAIRING SRAM

Let us now discuss the implementation of the proposed
self-repairing SRAM using leakage/delay monitors and adap-
tive body bias. In the proposed scheme, an on-chip process
sensor detects the inter-die process corner of the chip and ac-
cordingly applies adaptive repair technique (in this case, proper
body bias) to fix the parametric failures in that process corner.

A. Self-Repairing SRAM Using Leakage Monitoring

The schematic of a self-repairing SRAM array with leakage
sensor is shown in Fig. 5(a). A current sensor circuit moni-
tors the leakage of the entire SRAM array and generates an

output voltage (Vout) that is proportional to the leakage value
[Fig. 5(b), simulation result for a simple current mirror circuit at
predictive 70-nm technology]. The output of the leakage mon-
itor is compared with the reference voltages corresponding to
the different inter-die process corners. Based on the results of
this comparison, the body bias selection circuit applies the right
body bias to the SRAM array (Fig. 6). A PMOS switch bypasses
the leakage monitor during normal mode of operation (“con-
trolled” by calibrate signal). The output voltage generated by
the leakage monitor is sampled by a set of flip-flops (F/Fs) at
the negative going edge of the “calibrate” signal (which also
turns “on” the bypass PMOS). If an SRAM die is in the low
inter-die Vt corner, the output of the leakage monitor (Vout) will
be greater than both the reference voltages ( and )
and both comparators generate zero, resulting in application of
a reverse body bias (RBB). Similarly, for a die in the high Vt
corner, Vout will be less than both and and FBB
will applied. For dies in the nominal Vt corner, zero body bias
(ZBB) will be applied as .

Statistical simulation of the proposed self-repairing is per-
formed in HSPICE using predictive 70-nm technology. First,
using Monte-Carlo simulation a large number (10 000) of
inter-die Vt shifts are generated for the SRAM array [Fig. 7(a)].
The inter-die Vt distribution results in the inter-die distributions
of the memory leakage [Fig. 7(b)], which results in different
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Fig. 5. Self-repairing SRAM using ABB. (a) Block diagram of self-repairing scheme. (b) Inter-die Vt shift and current monitor output.

Fig. 6. Body-bias generation circuit for self-repairing SRAM. (a) Body-bias selection logic. (b) Level converters.

Vout voltage for dies in different inter-die corners [Fig. 7(c)].
Finally, based on the comparator (a simple comparator circuit
from [10] is used in this simulation) results in each die, the
correct body bias is generated [Fig. 7(d)].

In the proposed scheme, the selection of the reference volt-
ages is based on the pre-calibration of the memory leakage
at different inter-die process corner. Since, intra-die variation
shifts the mean of the leakage distribution from its nominal
value, pre-calibration needs to consider the amount of intra-die
variation [Fig. 8(a)]. Moreover, spread in Vout due to random
intra-die variation needs to be minimized. In our simulation
we observed that the Vout distribution for dies at the different
Vt boundaries are well separated [Fig. 8(b) for a 1-kB cache
with Vt boundaries at 80 mV]. The separation increases
with an increase in the Vt boundaries and/or the memory size.
However, variation in Vout, coupled with non-zero offset of
the comparators, results in a finite probability of misdetection
of the inter-die corner of a die. For example, a die which is
actually in region A (or C) can be detected as a nominal Vt die
if due to within-die Vt variation Vout becomes less than
(or more than ). Consequently, instead of applying a
RBB (or FBB) the self-repair system will apply a ZBB and
the die will not be repaired. Our simulation shows that the
probability of this error is around 7% for a 1-kB SRAM array

Fig. 7. Operation of the self-repair strategy. (a) Inter-die Vt distribution.
(b) Inter-die leakage distribution. (c) Distribution of Vout. (d) Generation of
ABB. (LVT: low Vt; NVT: nominal Vt; HVT: high Vt.)

even for a large intra-die Vt variation. Increasing the memory
size or the Vt window for region B reduces this probability
[3]. On the other hand, dies in region B also can be misdetected
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