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Abstract— We study leakage-power reduction in standby ran-
dom access memories (SRAMs) during data-retention. An SRAM
cell requires a minimum critical supply voltage (DRV ) above
which it preserves the stored-bit reliably. Due to process-
variations, the intra-chip DRV exhibits variation with a distri-
bution having a diminishing tail. In order to minimize leakage
power while preserving data reliably, existing low-power design
methods use a worst-case standby supply voltage. This worst-
case voltage is larger than the highest DRV among all cells in
an SRAM. In contrast, our approach uses aggressive voltage
reduction and counters the ensuing unreliability by an error-
control code based memory architecture. Using this approach,
we explore fundamental trade-offs between power reduction and
redundancy present in the SRAM. We establish fundamental
bounds on the power reduction in terms of the DRV -distribution
using techniques from information theory and algebraic coding
theory. For an experimental test-chip DRV -distribution in the
90nm CMOS technology, we show that 49% power reduction
with respect to (w.r.t.) the worst-case is a fundamental lower
bound while 40% power reduction w.r.t. the worst-case is achiev-
able by using a practical algebraic coding scheme. We also
study the power reduction as a function of the block-length
for low-latency codes since most applications using SRAM are
latency constrained. We propose a reliable low-power memory
architecture based on the Hamming code for the next test-chip
implementation with a predicted power reduction of 33% while
accounting for coding overheads.

I. INTRODUCTION

As CMOS technology scales into sub-100nm domain, a
number of new challenges unfold in front of the designers.
Excessive leakage-power and increasing process-variations are
two important design issues observed in the emerging sub-
100nm CMOS technology [1]. In this paper, we will focus
on these two design aspects of standby static random access
memories (SRAMs).

In many chips which include an SRAM module, e.g., sensor
network nodes, there are two modes of operation: (i) the
active-mode in which the SRAM is active for reading and writ-
ing, and (ii) the standby-mode in which the SRAM retains the
data. Since SRAM module occupies a significant portion of the
total chip-area, e.g. the CHARM chip in [2], therefore, standby
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SRAM power is the dominant power consumption factor in
applications that are primarily in the standby mode. In CMOS
technology, standby power consists of leakage-power which
increases with each silicon-technology generation [1]. Thus,
for low-power devices, e.g. sensor nodes, standby leakage-
power reduction is crucial for device-operation within the
scavenging power limit [2].

An effective method to reduce leakage-power is to minimize
the supply voltage while ensuring data-retention. Using this
approach, it has been shown that any SRAM cell has a critical
voltage (called the data retention voltage or DRV ) at which a
stored bit (0 or 1) is retained reliably [3].

Fig. 1. Test-chip DRV -distribution: The experimental intra-chip
DRV varies from 70 to 190mV in the 90nm CMOS technology [4]. The
worst-case solution for data-retention is a supply voltage of 200mV.

The intra-chip DRV exhibits a distribution due to process-
variations. In Fig. 1, we illustrate an experimental test-chip
distribution in the 90nm CMOS technology [4]. The DRV
varies from 70 to 190mV for 3840 SRAM cells. In order to
minimize leakage power while preserving data reliably, exist-
ing low-power design method uses a worst-case approach —
a standby supply voltage larger than the highest DRV among
all cells in an SRAM is used. For the test-chip distribution in
Fig. 1, the worst-case supply voltage is 200mV .

In contrast to the worst-case design, we propose aggressive
reduction of the standby supply voltage with error-control
coding, thereby ensuring reliable data-storage. Using this
approach, we show the following main results in this paper:

• We establish fundamental bounds on the power reduction
in terms of the DRV -distribution using techniques from
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information and coding theory. For the test-chip DRV
distribution in Fig. 1, we show that 49% power reduction
w.r.t. the worst-case is a fundamental lower bound while
40% power reduction w.r.t. the worst-case is achievable
by using a practical algebraic coding scheme.

• We study the power reduction as a function of the block-
length for low-latency codes since most applications us-
ing SRAM are latency constrained. We propose a reliable
memory architecture based on the Hamming code for
the next test-chip implementation with a predicted power
reduction of 33% while accounting for coding and latency
overheads.

The first result states the fundamental bounds on the power
reduction for any given DRV -distribution. The second result
states that, while accounting for coding overheads, a significant
portion of the optimum power reduction (33% out of 40%) can
be achieved by using a low-latency Hamming code.
Related work: Reliable storage capacity and coding for
storage have been studied and proposed in various memory
implementations in the literature (e.g., see [5], [6]). Heegard
and El Gamal have analyzed the reliable storage capacity for
a memory with stuck-at faults or random errors [5]. Our work
differs in two important aspects from the existing results:
(i) We study power versus redundancy trade-off in standby
SRAMs, unlike previous works which studied reliability versus
redundancy trade-offs, and (ii) We account for coding and
latency overheads in our analysis and results.
Modeling assumptions: We will model the parametric varia-
tion of the DRV by the observed (discrete) probability distri-
bution µ(x),x ∈ {

70,80, . . . ,190
}

(see Fig. 1). The cumulative
distribution function is F(x) = ∑z≤x µ(z). Since the available
DRV data is quantized at a resolution of 10mV , we will sweep
the supply voltage in multiples of 10mV . A cell will retain the
stored data successfully if the supply voltage is strictly greater
than the cell’s DRV voltage. We model the DRV as a random
but fixed voltage after manufacture.

The DRV is obtained by solving current equations in the
subthreshold regime [3]. The gate-leakage current can vary
with time due to trapping and de-trapping or charges [7].
However, the gate-leakage current and its variations are much
smaller at low voltages (around 200mV ) compared to the
subthreshold currents. Therefore, DRV in the 90nm CMOS
process does not depend significantly on gate-leakage, and is
approximately constant with time. 1

Notation: In the rest of the paper, the standby power will be
called as power for brevity. The distribution in Fig. 1 will be
referred as F(x). The supply voltage will be represented by vS.
The symbol P will be used for the probability of a set with
respect to the distribution F(x). Vectors like

(
x1,x2, . . . ,xn

)
will be represented as xn

1. Finally, h(t) = −t log2 t − (1 −
t) log2(1− t) stands for the binary entropy function [9].
Organization: We present the proposed standby SRAM archi-
tecture in Sec. II. We discuss fundamental bounds on power

1Gate-leakage decreases exponentially with the supply voltage [8]. How-
ever, the subthreshold leakage decreases linearly with the supply voltage (see
Fig. 4).

reduction in Sec. III. We also discuss the power reduction for
a few known family of codes in the same section. Finally, we
conclude in Sec. IV.

II. STANDBY SRAM: LOW-POWER ARCHITECTURE

We will present the SRAM cell retention model followed
by our proposed standby SRAM architecture. The description
of the retention model is important for understanding the
architecture.
DRV based retention model: For each SRAM cell, there is a
data-retention-voltage (DRV ), above which the stored data bit
(0 or 1) is stored reliably [3]. However, if the supply voltage
is lowered below the DRV , then the stored bit degenerates to
a preferred digital state S ∈ {0,1} [3].

CELL
SRAMvS,U

DRV,S

Y

Fig. 2. DRV based retention model: The SRAM cell has two statisti-
cally independent parameters: (i) a time-invariant positive continuous-
valued threshold-voltage called DRV , and (ii) a binary bias-state S ∈
{0,1}. The inputs are the supply voltage vS and a bit U ∈ {0,1} to be
stored. The output is Y = U if vS > DRV and S otherwise.

We capture these features of an SRAM cell in the following
mathematical model (see Fig. 2). The cell has two statistically
independent parameters: (i) a time-invariant, positive and
continuous-valued threshold-voltage DRV , and (ii) an equally
likely binary bias-state S ∈ {0,1}. The inputs to the cell are
the supply voltage vS and a bit U ∈ {0,1} to be stored. The
retention model for the SRAM cell is as follows:

Y = U if DRV < vS,

= S if DRV ≥ vS, (1)

where Y ∈ {0,1} is the output bit. If vS ≤ DRV , then there
is a DRV failure. This digital abstraction is sufficient for this
paper. We discuss the proposed standby SRAM architecture
next.
Standby SRAM low-power architecture: Let the standby
supply voltage be vS ∈ {0,10, . . . ,200} in mV at 10mV reso-
lution. The worst-case solution is to use vS = 200mV in which
every cell retains the data reliably (see Fig. 1).

In contrast, we propose an error-protected SRAM as fol-
lows. Let Bk

1 =
(
B1,B2, . . . ,Bk

)
be the data vector to be stored.

Using a suitable error-control code, Bk
1 is encoded into Un

1
and stored in n memory cells (n ≥ k). Cells have i.i.d. pairs of
independent DRV,S realization. 2 The jth stored bit is stuck-at
S j if DRVj ≥ vS, otherwise Uj is successfully retained. At the
end of standby, Y n

1 is decoded to B̂k
1. Let 0 ≤ i ≤ 2k −1 be the

integer representation of Bk
1. For any error-control code, the

voltage vS is chosen such that the outage probability,

P(outage) = P
(∃i, such that B̂k

1 �= i|Bk
1 = i

)
, (2)

2The assumption that DRV across cells are independent is a worst-case
assumption as discussed at the end of Sec. III.
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Fig. 3. Standby-SRAM architecture: Let Bk
1 be the data vector to

be stored. Then Bk
1 is encoded into Un

1 and stored in n memory cells.
The jth stored bit is stuck-at S j if DRVj ≥ vS, otherwise Uj is read-out.
The decoder reads Y n

1 and outputs B̂k
1. The voltage vS is selected such

that P(outage) is negligible (see (2)).

is negligible. This condition ensures that an n-bit row of mem-
ory stores all input words Bk

1 with high reliability. The outage
failures will be corrected by testing and row-redundancy [10].

Since vS is a free variable, power per useful-bit (or other
performance metrics) can be optimized over its range. For an
outage of ε, we define the power per bit as,

Pε
(
vS

)
:=

1
k
· (Total standby power

)
. (3)

If ε can be made arbitrarily small by choosing n −→ ∞,
then the power per bit function will be called as P

(
vS

)
. The

dependence of power per bit on vS will be established next.

III. BOUNDS ON POWER REDUCTION

In this section, we will derive DRV -distribution dependent
fundamental bounds on the power per bit P

(
vS

)
. We first

discuss the standby power dependence on the supply voltage.

A. Power dependence on the supply voltage

Let Ts be the standby duration. Let EC be the average
encoder-decoder computational energy (over codewords Bk

1)
of the error-control code C . The total standby power is,

PT = PL +
EC

Ts
, (4)

where PL is the total leakage-power.
The leakage-current in the 100−200mV range is approxi-

mately linear in the supply voltage, i.e., IL = GvS, where G is
a constant. This is confirmed by our test-chip leakage-current
measurements (see Fig. 4). Thus, the power per bit of the
SRAM cell is,

Pε
(
vS

)
=

n
k
·Gv2

S +
EC

kTs
, (5)

where the code C has an outage ε.

Fig. 4. Average leakage-current: The measured leakage-current for
256 SRAM cells is shown as a function of the supply voltage. In the
range 100−200mV, the leakage-current is approximately linear.

B. Fundamental bounds on the power reduction

For deriving bounds, we note the following important
points: (i) For Ts −→ ∞, i.e., when the standby time is
much larger than the encoding-decoding time, the coding
energy overhead becomes negligible. Under this condition, the
standby power is minimum and will be considered first, (ii) We
will account for the coding and latency overheads (see Sec. III-
C and Sec. III-D) after establishing fundamental benchmark
asymptotic bounds, and (iii) The outage ε > 0 can be made
arbitrarily small in an asymptotic setting, i.e., when n −→ ∞.
The DRV -failure probability for an SRAM cell is given by,

p
(
vS

)
= ∑

z≥vS

µ(z). (6)

Then, we have the following theorem:
Theorem 3.1: Let vS be the standby supply voltage and

p
(
vS

)
be as in (6). For each voltage vS : p

(
vS

)
< 0.25, the

minimum power per bit satisfies,

Gv2
S

1−h
(

p
(
vS

)
/2

) ≤ P
(
vS

) ≤ Gv2
S

1−h
(
2p

(
vS

)) , (7)

where G is a constant. The reduction in minvS P
(
vS

)
w.r.t. the

worst-case is between 40% and 49%. �
The bounds on P

(
vS

)
are derived using ideas from Infor-

mation theory [9, Ch. 8] and error-control code theory [11],
respectively. We omit the details for brevity. Observe that the
denominator 1−h

(
p
(
vS

)
/2

)
and the numerator v2

S increase as
vS increases. When vS is small (around 70mV ), the increase
in denominator term is rapid compared to the numerator. The
trend reverses for large vS (around 200mV ). Thus, we see that
the optimum power per bit is achieved for an intermediate
values of vS. Similar argument holds for the upper bound.

Fig. 5 illustrates the power per bit bounds as a function of
p
(
vS

)
. The minimum value of the upper bound and the lower

bound are 40% and 49% less than the worst-case, respectively.

C. Power reduction with low-latency codes

After the standby mode, practical SRAM design requires
data-output within a latency of a few clock cycles. We explore
power per bit reduction as a function of the block length
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Fig. 5. Bounds on P
(
vS

)
: Power per bit bounds are plotted as

functions of the DRV -failure rate p
(
vS

)
. The minima of upper and

lower bounds are 40% and 49% lower than the worst-case.

n for Hamming and Reed Muller codes. We will study the
power reduction at an outage of ε = 0.01. As noted, rows in
outage will be corrected by row-redundancy [10]. The outage
condition simplifies to

ε = P
[
DRV(n−u) ≥ vS

]
, (8)

where the code can correct up to u errors and DRV(t) is the

tth largest random DRV . The power per bit function is

P0.01
(
vS

)
= G · n

k
· (vS

)2
. (9)

The trade-off curves are shown in Fig. 6. For Hamming codes,
the minimum P0.01

(
vS

)
is 33% less than the worst-case for

n = 31. The corresponding numbers for Reed Muller code are
33% and 256, respectively. A significant fraction, 33% out

Fig. 6. P
(
vS

)
for finite n: For an outage ε = 0.01, the optimum power

per bit for Hamming and Reed Muller codes are plotted. Maximum
power reduction is achieved at n = 31 for Hamming codes and at n =
256 for Reed Muller codes.

of the optimum 40% (see Thm. 3.1), power per bit reduction
is achieved with a single clock-cycle latency Hamming code.
The gap can be reduced with higher-complexity coding. The
returns are marginal, e.g., 2% extra power per bit can be saved
by a Reed Muller code with an 8-times larger block length.

D. Coding and latency overheads

We selected the Hamming code with a block length n = 31
for implementation. We synthesized the encoder-decoder using
CAD tools (90nm CMOS technology). The estimated average
encoding and decoding energy for 26-bit word were 0.93pJ

and 2.32pJ, respectively. The measured leakage-current at
200mV for 256 cells was 55.76nA. Based on this data, we
estimated that Ts ≥ 100ms is sufficient to achieve power per bit
reduction of 33%. The latencies of the Hamming encoder and
decoder are 1-clock cycle each (2ns).
Independence of DRV : Correlations in the DRV can be
exploited with better coding strategies. However, from the test-
chip measurements, we observed a small spatial correlation
factor (< 0.1) in the DRV data. Since the measured correlation
is small, the resulting gains will not be significant. Therefore,
we work with the pessimistic i.i.d. assumption.

IV. CONCLUSIONS

We studied reduction of leakage-power during data-
retention in standby SRAMS. For reliable retention, the supply
voltage of an SRAM cell should be greater than a threshold
voltage DRV . In the presence of process-variations, existing
low-power design method uses a supply voltage larger than
the largest DRV in an SRAM. Instead, we have advocated
aggressive voltage reduction with an error-control code based
SRAM architecture to reduce standby power. We established
fundamental bounds on standby power reduction. We also
studied the dependence of power-reduction on block-length
for low-latency codes. We showed that a significant portion of
the optimum power-reduction can be achieved by a Hamming
code with a block-length 31. We proposed a practical reliable
memory architecture based on the Hamming code for the next
test-chip implementation with a predicted power reduction of
33% while accounting for the coding and latency overheads.
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