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Abstract—Increasing process variations coupled with aggressive
scaling of cell area and operating voltage in the quest of higher
density and lower power have greatly affected the reliability of
on-chip memory. Error correction code (ECC) has been traditionally used inside memory to provide uniform protection to all bits in
a code word. They suffer from either adequate protection against
multibit failures or large overhead due to encoding/decoding logic
and parity bits. To address this issue, we present a variable
data-length ECC (VL-ECC) for the embedded memory devices
of digital signal processors, in which the data length of ECC can
be dynamically reconfigured to preferentially protect the relatively
more important bits. In the proposed VL-ECC, when the number
of failures exceeds the error correction capability, the data length
of ECC is reduced to focus on the relatively more important higher
order data bit parts, thereby minimizing system quality degradation due to bit failures. When the proposed VL-ECC is applied
to the embedded memory devices of an H.264 processor, average
peak signal-to-noise-ratio improvements of up to 5.12 dB are
achieved compared with the conventional ECC under supply voltage of 800 mV or lower. With the fast Fourier transform processor,
signal-to-quantization noise ratio is improved by up to 5.2 dB.
Index Terms—Embedded static random access memory
(SRAM), error correction code (ECC), fast Fourier transform
(FFT), H.264, low voltage operation.

I. I NTRODUCTION

I

NCREASING process variations in the nanometer technology regime has played an important role in enhancing
the vulnerability of embedded static random access memory
(SRAM) cells to failures. The demand on higher integration
density for SRAM array has resulted in a highly optimized
cell footprint, which further affects the operational reliability of
memory. On the other hand, supply voltage VDD scaling is one
of the most effective methods for reducing power consumption
in current very large-scale integration design [1]. In general
data-path circuits, the supply voltage can be scaled down
without sacrificing the functionality by proportionally lowering
down the clock frequency. However, in embedded SRAM, the
number of SRAM bit-cell failures considerably increases with
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supply voltage scaling [2]. The failures in the memory typically
determine the minimum supply voltage VDD,min for a chip to
operate reliably.
Error correction codes (ECCs) such as single-errorcorrecting and double-error-detecting (SEC–DED) codes are
widely used in the embedded memory interfaces to reduce the
increasing number of memory failures at low supply voltage
[3]. Although the SEC–DED codes offer reasonable redundancy bits, circuit delay, and power consumption, increasing
the error correction capability (the maximum number of correctable bits) requires very large ECC overhead. One of the
problems in the conventional ECC is that when the number
of bit-cell failures in a code word exceeds the error correction
capability, the failures cannot be corrected or the number of
failures can even increase due to ECC malfunction. Another
drawback of the ECC is that the importance differences found
among the data stored in the SRAM bit cell are not considered.
Generally, in digital signal processing applications, the SRAM
failures that occur with high-order bits (HOBs) give rise to
much larger data quality degradation than the failures in loworder bits (LOBs). Previous research works also exploited the
importance differences among the SRAM data and proposed
the hybrid SRAM architectures [4] and unequal error protection
ECC approaches [5], [6]. However, in these works, once the
SRAM or ECC architectures are decided, it cannot be dynamically adapted to varying supply voltages or increasing number
of memory failures.
In this brief, we present a variable data-length ECC
(VL-ECC) approach, which can be effectively applied to the
embedded SRAM memory devices of digital signal processors
(DSPs) operating with low supply voltages. In the VL-ECC
approach, the data (code word) length of ECC can be dynamically reconfigured to preferentially protect the relatively more
important HOB parts. When the number of SRAM failures in a
code word exceeds the error correction capability in low voltage
operation, the input data length of VL-ECC is reduced to focus
on the more important HOB parts, as shown in Fig. 1. The
Bose–Chaudhuri–Hocquenghem (BCH) code [7] is selected as
an ECC in this brief, and the proposed VL-ECC scheme shows
significantly better system output quality than the conventional
ECC approach in both of the H.264 and fast Fourier transform
(FFT) cases.
II. VL-ECC A RCHITECTURE
This section presents the hardware architecture of the proposed VL-ECC. We present how the conventional architectures
can be modified to implement the proposed reconfigurable
VL-ECC. The hardware implementation results of the VL-ECC
are also presented in this section.
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TABLE I
H ARDWARE C OMPARISONS OF THE C ONVENTIONAL BCH D ECODERS
AND THE VL-ECC D ECODERS (1 U NIT A REA : 2 I NPUT NAND G ATE )

Fig. 1.

Overview of the proposed VL-ECC approach.

Fig. 3. Power consumption of 1-bit correction and 2-bit correction VL-ECC
decoders with varying input data length.

Fig. 2. Scalable syndrome generator of VL-ECC decoder (BCH (136, 128, 1),
32/64/96/128 variable data length).

A. Proposed VL-ECC Architecture
Based on the conventional BCH architecture presented in [7],
VL-ECC is designed with extra control units for dynamically
changing the input data length. The encoder of the VL-ECC is
basically the same as that of the BCH encoder since the error
correction capability is identical even with varying data length.
When the data length is reduced for changing the code word
size of VL-ECC, the vacant input parts are simply filled with
zeros.
The VL-ECC decoder contains the control logic for adaptively controlling the input data length and turning off the
unused modules when the data length becomes smaller than
the maximum length. The syndrome generator calculates syndromes using Galois field (GF) constant multipliers whose
numbers are proportional to input data length. As the length
of the received code word becomes smaller, the corresponding
number of GF constant multipliers is reduced proportionally.
As an example, in the VL-ECC based on BCH (136, 128, 1),
when the data length is reduced to 32 or 64 bits, only 30% or
53% of all the syndrome generators are operating, respectively,
and the unused parts can be turned off using control logic. The
proposed scalable syndrome generator is illustrated in Fig. 2.
The architecture of key equation solver (KES) modules is
solely decided by a specific size of GF and the error correction
capabilities of ECC. Although the data length is changed, since
the GF and the error correction capability are not changing,

the VL-ECC decoder has exactly the same KES module as
that of the BCH decoder. The Chien search module in the
VL-ECC is also designed to be scalable similarly with a syndrome generator. In the case of BCH (136, 128, 1) Chien search,
128-bit operations are performed in parallel, and the outputs
are compared with the received data to determine the error
locations. When the data bit width is reconfigured to 64- or
32-bit data, only half or a quarter of the Chien search modules,
respectively, are operating. Although the design methodology
of the shortened BCH is already introduced in [8], the novelty of
the proposed VL-ECC is that it can dynamically change the data
length using select signal [9], in which the failure probabilities
of SRAM bit cells and the importance differences of the stored
bits are considered to decide the data length.
B. Implementation Results of VL-ECC
The proposed 1- and 2-bit error correctable VL-ECC decoders based on BCH (136, 128, 1) and BCH (144, 128, 2),
respectively, are implemented using the Samsung 65-nm standard cell library. BCH (136, 128, 1) and BCH (144, 128, 2)
decoders are also implemented for comparison, and Table I
shows the numerical results. The VL-ECC offers four cases of
variable data lengths, which are 32, 64, 96, and 128 bits. Due to
the control units to support scalable architecture, the hardware
area of the VL-ECC decoder is around 7.1% larger than that
of the BCH decoder. Likewise, the power consumption of the
proposed decoder is approximately 7.75% larger than that of
the BCH decoder. The power consumption is measured with
125 MHz and 1.2 V using more than 1000 random vectors, and
SPICE-netlist level simulation with NanoSim is used for power
measurements. In both of the decoders, the maximum clock
frequency is 125 MHz. As the input data length is reduced in
the reconfigurable VL-ECC decoder, the power consumption
decreases proportionally, which is demonstrated in Fig. 3.
When the input bit width is 64, the decoder power savings is
around 40%.
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Fig. 4. (a) Block diagram of the H.264 video encoder and its embedded
SRAM memory devices. (b) PSNR of Foreman video when the same number of
SRAM bit-cell failures is occurred at different bit positions (operation voltage:
700 mV; SRAM failure probability: 3.813 × 10−3 ; and original PSNR:
43.13 dB).

III. VL-ECC A PPLIED TO E MBEDDED M EMORIES
IN DSP A PPLICATIONS
In this section, for the two popular DSP applications (H.264
and FFT), we present the quantitative analysis of the output
quality degradation due to the embedded memory failures of
different bit locations. When the proposed VL-ECC is applied
to the memory interfaces of H.264 and FFT processors, the
experimental results show that a significant improvement in
the output quality over the conventional ECC scheme can be
achieved.
A. Effect of Embedded SRAM Failures Inside DSPs
In the embedded memory devices of DSPs operating at low
voltage, the SRAM bit cell failures incur output quality degradations. Generally, in DSPs, the SRAM failures that occur with
HOBs give rise to much larger output quality degradation than
the failures with LOBs. Two most popular DSP applications,
i.e., H.264 and FFT, are considered as case studies.
1) Embedded Memory Failures in the H.264 Encoder: The
H.264 encoder compresses video data by utilizing spatial
and temporal redundancies existing within and between video
frames. Fig. 4(a) shows the H.264 video encoder architecture
[10]. In the H.264 encoding process, six embedded memory
devices (the residual frame buffer, the reconstructed frame
buffer, the reference frame buffer, the interprediction buffer,
the pipelined buffer for discrete cosine transform, and the
quantization buffer) are used for storing the intermediate results
of the frame data. The following is the experimental setup
for quantitatively analyzing the effect of the SRAM failure
positions on the video quality degradation in the H.264 system.
First, we obtain the embedded SRAM bit-cell failures by running extensive Monte Carlo simulations using Samsung 65-nm
technology under 700-mV supply voltage. Since it is assumed

Fig. 5. (a) Block diagram of FFT processor and its embedded SRAM memory
devices. (b) SQNR of FFT output when the same number of SRAM bit-cell
failures is occurred at different bit positions (operation voltage: 700 mV; SRAM
failure probability: 3.813 × 10−3 ; and original SQNR: 44.2325 dB).

that the failures occur only in the embedded memory devices
operating at low voltage, for the H.264 data-path simulations,
we use the level 1.3 H.264 baseline profile encoder with JM
reference software [11], which supports the common intermediate format, at 30 frames/s and 1.0 Mb/s. In our simulations,
the SRAM failures are equally distributed in the six memory
devices, and we only control the failure locations from HOBs
to LOBs during the H.264 video encoding process. The video
quality degradation is measured in the H.264 decoder side. As a
measure of the video quality, we use peak signal-to-noise ratio
(PSNR) [12]. Fig. 4(b) presents the experimental results, which
show the effect of the SRAM failure positions on the video
quality in terms of PSNR.
2) Embedded Memory Failures in FFT Processor: The FFT
plays an important role in today’s signal processing and communication applications [13]. Supply voltage scaling has been
extensively used in FFT processors [14] to improve energy
efficiency. In order to verify the output data quality degradation
of FFT caused by SRAM failures, we use radix-2, 8K FFT
processor, which consists of two radix-2 modules and 8K-word
(24-bit) single-port embedded SRAM memory, as presented
in Fig. 5(a). In the FFT process, the outputs of each radix-2
module are temporarily stored in the embedded SRAM memory
devices, and the stored data are read again for the next iterations. To quantitatively measure the effect of the SRAM failure
locations on the FFT output, we used the signal-to-quantization
noise ratio (SQNR) as a measure. As in the H.264 simulations,
the SRAM failures obtained with 65-nm technology under
700-mV supply voltage are inserted into different bit locations
using a MATLAB fixed-point FFT model, and the SQNR values
are measured in the FFT outputs. As shown in Fig. 5(b),
depending on the failure locations, large differences in the
SQNR values at the FFT output are observed.
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Fig. 7. Average PSNR of 10 reference videos with no ECC, the conventional
ECC, and the VL-ECC (data lengths of 1-bit correction VL-ECC: 32-bit at
900 mV, 24-bit at 850 mV, 16-bit at 800 mV, 8-bit at 750 mV, and 8-bit at
700 mV); (data lengths of 2-bit correction VL-ECC: 40-bit at 900 mV, 32-bit
at 850 mV, 24-bit at 800 mV, 1-bit at 750 mV, and 8-bit at 700 mV).
TABLE II
P OWER C ONSUMPTION C OMPARISON W ITH VL-ECC AND
C ONVENTIONAL ECC FOR D IFFERENT DATA L ENGTHS [64- BIT DATA IN
GF (128)]. T HE P OWER I S M EASURED AT 40 MHz W ITH THE
S AME S UPPLY VOLTAGE W ITH E MBEDDED M EMORY

Fig. 6. Average PSNR plots of 10 reference videos with various data lengths
of VL-ECC (no failure PSNR: 45.67 dB). (a) Average PSNR plots with 1-bit
correction VL-ECC. (b) Average PSNR plots with 2-bit correction VL-ECC.

B. Two Case Studies on the Effectiveness of VL-ECC
In the proposed VL-ECC approach, when the number of
SRAM failures is increasing with aggressive supply voltage
scaling, the data length of VL-ECC is dynamically reduced to
focus on the possible HOB failures. When the ECC data length
is shortened, a part of the VL-ECC decoder can be turned off,
which leads to power savings in the ECC logic. The case studies
show that the proposed VL-ECC approach presents a significant
improvement in the output quality over the conventional ECC
scheme with lower power consumption of the ECC logic.
1) H.264 Encoder With VL-ECC: Fig. 6 shows the experimental results when the VL-ECC is applied to the embedded
memory devices of the H.264 processor operating with four
different supply voltages. In our simulations, two VL-ECCs
(1- and 2-bit error correction VL-ECCs) are considered with
various data lengths. First, extensive Monte Carlo simulations
are performed in the fast-nMOS and slow-pMOS (FS) corner
of Samsung 65-nm technology under different supply voltages
to get the SRAM failure probabilities, and these failures are
randomly distributed to the embedded memory devices. Ten
sample videos [15] consisting of 1000 frames are used to
obtain the average PSNR values, and it is assumed that 8 pixels
(64 bits) is stored in a single word (code word) of the embedded
memory.

Compared with the conventional ECC (see the 64-bit datalength case shown in Fig. 6), the proposed 1-bit error correction VL-ECC with 16-bit data length shows a 3.61-dB PSNR
improvement under 800-mV supply voltage [see Fig. 6(a)].
The dotted circles in Fig. 6 specify each of the optimal data
lengths that achieves the largest PSNR improvements under
four different supply voltages. Using the optimal data lengths
of VL-ECC with different supply voltages, Fig. 7 presents
the PSNR comparison results between VL-ECC and the conventional ECC approaches. Note that with supply voltages
under 750 mV or lower, the 1-bit error correction VL-ECC
shows better PSNR results than the conventional 2-bit error
correction BCH.
Table II also shows the power consumption comparison with
VL-ECC and conventional ECC for various data lengths. The
VL-ECC power is measured at 40 MHz with the same supply
voltages with the embedded memory devices. For the power
measurement, SPICE-netlist level simulation with NanoSim
is used. As presented in the numerical results above, when
the supply voltage is scaled down in the H.264 processor, the
VL-ECC approach can provide even better PSNR with smaller
ECC logic power.
2) FFT Processor With VL-ECC: The proposed VL-ECC
is also applied to the embedded memory interfaces of an
FFT processor, and Fig. 8 shows the experimental results. In
our experiments, a radix-2, 8K FFT processor with 8K-word
(24 bit, i.e., 12 bit real and 12 bit imaginary) single-port
embedded SRAM memory devices is used. Only 1-bit correction ECC is considered due to the smaller data length.
According to the SQNR results shown in Fig. 8(a), the proposed
VL-ECC presents its optimal data lengths of 14, 18, and 20 bits
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by reducing the data length of ECC. We have evaluated the
effectiveness of VL-ECC for two common signal processing
tasks, namely, H.264 and FFT. In the case of both applications,
we explored the optimal data length of the VL-ECC under
different supply voltages to minimize the output quality degradations due to the memory failures. Experimental results with
65-nm CMOS technology showed that the proposed VL-ECC
scheme can tolerate a high failure rate at low power with a
graceful degradation in output quality. It achieves improvements in PSNR of up to 5.12 dB and in SQNR of up to 5.21 dB
over the conventional ECC approach when applied to H.264
and FFT processors, respectively. The proposed VL-ECC approach can be easily integrated with the existing ECC approach
used in embedded memory devices. The ideas presented in this
brief can assist the design of DSPs and enable low-power and
reliable signal processing at low operating voltage.
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TABLE III
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under 600-, 700-, and 800-mV supply voltages, respectively.
The table in Fig. 8(b) presents the power consumption and
SQNR tradeoffs in FFT processor with VL-ECC scheme under
various supply voltages. Power savings of the VL-ECC module
with smaller data lengths are also presented in Table III.
For the H.264 and FFT applications, the optimal data length
that achieves the largest data quality improvements under different supply voltages is presented in Figs. 6 and 8, respectively.
In real DSP applications, the optimal data length for different
supply voltages can be stored ahead in a table and, when the
supply voltage changes, VL-ECC architecture can be reconfigured to operate with the corresponding optimal data length,
which can be easily found using a simple lookup table.
IV. C ONCLUSION
We have presented a variable data-length ECC architecture,
which can be effectively used in the embedded memory arrays
of DSP units operating at low supply voltage. The proposed
adaptive ECC approach can dynamically change the data length
of ECC inputs. When the SRAM failures in the DSPs abruptly
increase with aggressive supply voltage scaling, the VL-ECC
can selectively protect the more important HOBs of SRAM data

The authors would like to thank the IC Design Education
Center for its software assistance.
R EFERENCES
[1] A. P. Chandrakasan, S. Sheng, and R. W. Brodersen, “Low-power digital
CMOS design,” IEEE J. Solid-State Circuits, vol. 27, no. 4, pp. 473–484,
Apr. 1992.
[2] I. J. Chang, J. Park, K. Kang, and K. Roy, “Fast and accurate estimation
of SRAM read and hold failure probability using critical point sampling,”
IET Circuits, Devices Syst., vol. 4, no. 6, pp. 469–478, Nov. 2010.
[3] C. W. Slayman, “Cache and memory error detection, correction, and
reduction techniques for terrestrial servers and workstations,” IEEE Trans.
Device Mater. Rel., vol. 5, no. 3, pp. 397–404, Sep. 2005.
[4] I. J. Chang, D. Mohapatra, and K. Roy, “A voltage-scalable and process variation resilient hybrid SRAM architecture for MPEG-4 video
processors,” in Proc. ACM/IEEE DAC, Jul. 2009, pp. 670–675.
[5] X. Yang and K. Mohanram, “Unequal-error-protection codes in SRAMs
for mobile multimedia applications,” in Proc. IEEE/ACM ICCAD,
Nov. 2011, pp. 21–27.
[6] I. Lee, J. Kwon, J. Park, and J. Park, “Priority based error correction code
(ECC) for the embedded SRAM memories in H.264 system,” J. Signal
Process. Syst., vol. 73, no. 2, pp. 123–136, Nov. 2013.
[7] S. Lin and D. J. Costello, Error Control Coding. Upper Saddle River,
NJ, USA: Prentice-Hall, 2004.
[8] W. Liu, J. Rho, and W. Sung, “Low-power high-throughput BCH error
correction VLSI design for multi-level cell NAND Flash memories,” in
Proc. IEEE Workshop SIPS Des. Implementation, 2006, pp. 303–308.
[9] J. Park, J. Choi, and K. Roy, “Dynamic bit-width adaptation in DCT:
An approach to trade off image quality and computation energy,” IEEE
Trans. Very Large Scale Integr. (VLSI) Syst., vol. 18, no. 5, pp. 787–793,
May 2010.
[10] S. Chien, Y.-W. Huang, C.-Y. Chen, L.-G. Chen, and L.-G. Chen, “Hardware architecture design of video compression for multimedia communication systems,” IEEE Commun. Mag., vol. 43, no. 8, pp. 122–131,
Aug. 2005.
[11] Joint Video Team (JVT) H.264/AVC Reference Software JM 16.0 2012.
[Online]. Available: http://iphome.hhi.de/suehring/tml/
[12] J. Kwon, I. J. Chang, I. Lee, H. Park, and J. Park, “Heterogeneous SRAM
cell sizing for low-power H.264 applications,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 59, no. 10, pp. 2275–2284, Oct. 2012.
[13] M. Garbey, N. Sun, A. Merla, and I. Pavlidis, “Contact-free measurement
of cardiac pulse based on the analysis of thermal imagery,” IEEE Trans.
Biomed. Eng., vol. 54, no. 8, pp. 1418–1426, Aug. 2007.
[14] M. Ayinala, Y. Lao, and K. K. Parhi, “An in-place FFT architecture for
real-valued signals,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 60,
no. 10, pp. 652–656, Oct. 2013.
[15] [Online]. Available: ftp://ftp.tnt.uni-hannover.de/pub/svc/testsequences/,
2012.

