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Abstract— The limited size and power budgets of space-bound
systems often contradict the requirements for reliable circuit
operation within high-radiation environments. In this paper, we
propose the smallest solution for soft-error tolerant embedded
memory yet to be presented. The proposed complementary
dual-modular redundancy (CDMR) memory is based on a
four-transistor dynamic memory core that internally stores
complementary data values to provide an inherent per-bit error
detection capability. By adding simple, low-overhead parity, an
error-correction capability is added to the memory architecture
for robust soft-error protection. The proposed memory was
implemented in a 65-nm CMOS technology, displaying as much
as a 3.5× smaller silicon footprint than other radiation-hardened
bitcells. In addition, the CDMR memory consumes between 48%
and 87% less standby power than other considered solutions
across the entire operating region.

Index Terms— Embedded dynamic random access memory
(eDRAM), gain cell, low power, radiation hardening, single event
upset (SEU), soft errors, space applications, static RAM (SRAM).

I. INTRODUCTION

THE growing requirements of space-bound systems, such
as those installed in spacecraft and satellites, has led to

the need for integration of an increased number of application-
specific integrated circuit (ASIC) and field-programmable gate
array (FPGA) components that can be operated reliably within
high-radiation environments. Due to the limited resources
in space, it is essential that these components are designed
to be both area and power efficient, a requirement that is
inherently compatible with the higher densities and improved
energy-efficiencies of scaled semiconductor integrated circuit
technologies [1]. However, technology and voltage scaling
also lead to a rise in the susceptibility of the underlying
circuits to radiation-induced soft errors, often limiting the
fabrication of these components to older, more robust process
technologies [2], [3].

One of the primary components of ASICs and FPGAs
is static random-access memorys (SRAMs). In accordance
with Moore’s Law, the size, density, and power consump-
tion of SRAMs has grown exponentially over the past five
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decades, often being responsible for over 50% of the total
area and static power consumption of modern ASICs [1].
The large area of SRAMs makes them highly suscepti-
ble to particle strikes, which are common in high-radiation
environments, such as space. Furthermore, modern ASICs
are often operated at scaled supply voltages in order to
reduce their power consumption. This further reduces the
noise margins of SRAMs and significantly increases their
susceptibility to radiation effects, such as soft errors caused
by single event upsets (SEUs) [4]. In order to guarantee
reliable memory operation, an additional power supply often
must be incorporated, and complex dynamic voltage scaling
techniques are sometimes required [5].

Embedded memory errors are typically handled at either
an architectural or circuit level [6]. At the architectural
level, redundancy schemes, such as error correction codes
(ECCs) [7], [8], dual modular redundancy (DMR) [9], and
triple modular redundancy (TMR) [10] are commonly found.
However, these solutions are extremely costly in terms of area
overhead, while also adding complexity and delay. Therefore,
they are not suitable for small, high-speed cache memories
such as level-1 (L1) caches. Mohr and Clark [11] suggested
using 2-D parity checking and bit interleaving techniques as a
solution to this problem. However, conventional architectural
solutions do not provide sufficient protection under voltage
scaling, which is a common approach to low-power operation.

Circuit level techniques such as Dual Interlocked storage
Cell (DICE) [12] and Quatro 10T [13] can efficiently increase
SEU tolerance. These solutions achieve SEU tolerance by
increasing the internal feedback of the static latch core of
a 6-transistor (6-T) bitcell. This approach increases the crit-
ical charge (Qcrit) of the bitcell; however, once this value
is exceeded, the positive feedback is actually what ensures
a bit-flip. Furthermore, these cells feature a much higher
transistor count than the traditional SRAM, resulting in up-
to 2× increase in area [14] and power consumption [13] of
the memory array. Therefore, these cells are inefficient for
high-speed applications, such as register files and caches that
demand full hardening and simplicity [15], [16].

One increasingly popular alternative to SRAM is the Gain-
Cell eDRAM (GC-eDRAM) [17], which offers much smaller
area, lower leakage, and the option of low-voltage opera-
tion [18], [19]. The main drawback of GC-eDRAM is the
need for periodic refresh cycles to ensure data retention.
However, previous publications have shown that its retention
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power, which is the sum of leakage and refresh power, can be
lower than the leakage power of a conventional 6-T SRAM
cell [20], [21].

In this paper, we take a completely different and nonintuitive
approach to circuit-level SEU tolerance by entirely removing
this feedback. We propose to use a dynamic memory core
based on GC-eDRAM, which by nature is more suscepti-
ble to soft errors than a static memory cell. However, the
reduced transistor count and the physical properties of the
dynamic circuit allow us to internally apply complementary
DMR (CDMR) to achieve inherent per-bit error detection.
In addition, the simple addition of parity provides error correc-
tion capabilities at a much lower overhead than the traditional
ECC-based approaches.

The proposed CDMR memory was implemented in a low-
power 65-nm CMOS process, consuming less area than any
other previously proposed soft-error tolerant memory cell,
and showing full compatibility with voltage scaling down to
400 mV. The resulting cell is 53% smaller than a conventional
nonradiation hardened 6-T SRAM bitcell, and consumes up to
8× less static power than any other reported rad-hard solution.

The rest of this paper is organized as follows. Section II
presents soft errors in static memory arrays and state-of-the-
art solutions. The proposed memory array and its operation
mechanism is presented in Section III. Section IV describes
the implementation of the proposed array, including analysis
of its error tolerance and a power comparison with other rad-
hard solutions. Section V concludes this paper.

II. RADIATION-HARDENED MEMORIES

An SEU is a change of state in a flip-flop or memory cell
caused by charged particles striking a sensitive node in an
integrated circuit device, potentially causing system failure.
SEUs occur when an energetic particle passes through a
silicon substrate and its energy is transferred to the creation
of electron–hole pairs along its path [6]. When such a particle
hits a reversed-biased junction inside the storage node of a
memory circuit, the resulting transient current pulse can inject
enough charge into the junction to cause a data flip [22], [23].

The conventional 6-T SRAM memory cell, shown in the
inset of Fig. 1, utilizes an active feedback loop between cross-
coupled inverters (M1/M3 and M4/M6) in order to retain its
stored data value. This circuit is very sensitive to SEUs, as any
upset that causes one of the data nodes to cross the switching
threshold of the adjacent inverter will result in a bit flip.
An example of such an occurrence is illustrated in Fig. 1,
showing a particle striking the drain of one of the nMOS pull-
down devices of a 6-T SRAM bitcell (M4, in the inset). If the
particle injects sufficient charge to drive the voltage at the
QB node past the switching threshold of the opposite inverter
(M1/M3), the feedback loop will drive the storage state of the
SRAM cell to the opposite level, as shown in the illustrative
waveforms.

The failure risk, described above, increases with process
scaling, since the critical charge of the memory cell decreases,
resulting in higher soft error rates (SERs). Furthermore, static
noise margins decrease significantly [24], and therefore the

Fig. 1. Particle strike hitting a silicon substrate junction, releasing electron–
hole pairs, and causing a state flip in an SRAM cell.

memory cell is more susceptible to read and write errors.
In addition, when operating at low voltages for power
reduction, the aforementioned switching threshold decreases,
thereby increasing the error susceptibility of the circuit. These
issues have led to the need for the development of SEU-aware
SRAM design approaches for radiation-hardening.

The main approach to error mitigation over the past two
decades has been to provide full immunity to errors through
circuit redundancy. By simply adding a parity bit to a given
number of bits, a single error can be detected with very little
overhead. For enhanced protection, ECCs can be used to detect
and correct multiple errors. However, the error detection and
correction capabilities of such codes is directly correlated
with the complexity and area overheads required for their
implementation. For complete protection under the assumption
that the probability of an error at two separate places on
the chip within a defined timespan is extremely low, TMR
replicates each storage node thrice and uses a majority gate
to determine the correct value. While TMR is a simple and
robust solution, it incurs an increase in both area and power
of over 3×.

The alternative approach to providing error tolerance is to
design circuits that are directly aimed at improving the soft-
error susceptibility of the memory core. Recently proposed
error-tolerant SRAM bitcells include the temporal latch [25],
DICE [12], the Quatro-10-T and 12-T bitcells [13], [26],
the 13-T subthreshold bitcell [27], and SHIELD [14]. The
primary goal of these circuit solutions is to increase the Qcrit
of the cell, and thereby improve their resilience to SEUs.
These solutions can be fabricated in commercially available
state-of-the-art manufacturing processes and can be combined
with the aforementioned architectural approaches to further
provide error detection and correction capabilities. However,
all the previously proposed radiation-hardened bitcells are
much larger than the standard SRAM and often require
additional peripheral circuits and signals for correct operation.
In addition, their high transistor count leads to their increased
static power consumption. Therefore, while these circuits can
provide a viable solution for radiation-hardened storage, this
comes at the expense of large area and power overheads,
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Fig. 2. Schematic of the proposed 4-T gain cell.

which contradict the aforementioned limitations of space-
bound systems.

III. PROPOSED 4-T CDMR DYNAMIC MEMORY ARRAY

The primary mechanism that enables an SEU to flip the
data in a conventional SRAM cell is the positive feedback
between the two internal storage nodes. While this feedback
is the means by which the static storage capabilities of the
circuit are acquired, in the case of SERs, it is also the cell’s
vulnerability. Any voltage shift that causes one of the storage
nodes to cross the switching threshold of the adjacent inverter
will immediately be latched by the positive feedback, resulting
in a catastrophic bit flip. Such a voltage shift can be quantified
according to the charge transferred by the striking particle, and
therefore, the critical charge metric is used to characterize the
susceptibility of circuit-level solutions to SEUs. If a particle
strike induces charge lower than the Qcrit of the circuit, the
storage value will remain intact; however, if Qcrit is exceeded,
a failure will occur.

While SRAM is the primary technology used to implement
embedded memory arrays, another popular storage topology is
eDRAM. GC-eDRAM is a fully logic-compatible implemen-
tation of eDRAM, which provides a reduced silicon footprint
compared with SRAM, but lacks the internal feedback that
ensures strong storage levels, in spite of deteriorating leakage
currents [28]. Intuitively, such a topology is much more
susceptible to SERs, as the circuit lacks any mechanism to
mitigate a level change induced by a particle strike. However,
we propose to employ CDMR, i.e., for each bit, to store both
the data value and its inverse. Based on this concept, SEUs in
the memory array can be both detected and corrected, while
still achieving the low area and power aspirations of the target
applications.

The proposed CDMR approach is implemented with the
4-T dynamic memory bitcell, illustrated in Fig. 2. The circuit
consists of two write transistors (MW1 and MW2), two
read transistors (MR1 and MR2), and two storage nodes
(SN and SNB). The data and its complementary values are
stored on the parasitic capacitances at the storage nodes, com-
prising the gate capacitance of MR1/MR2 and the diffusion
capacitance of MW1/MW2, respectively. Writing to the cell is
performed by driving the write word line (to a negative voltage
and passing the data and its complementary level from the

write bit lines (WBL and WBLB) to SN and SNB, respectively.
Readout is performed by predischarging the read bit lines
(RBL and RBLB) to Ground and driving the read word line
to VDD, thereby charging RBL/RBLB only if SN/SNB holds
a data ‘0.’ The RBL/RBLB of each column is connected to
a sensing circuit, which can be implemented with a simple
inverter, in order to output the digital levels of the data and
its complementary level stored in the selected cell.

During normal operation, the output of a read operation
from a single bitcell will provide two opposite levels. If an
SRAM cell is exposed to a particle strike surpassing the Qcrit
of one of the storage nodes, the feedback will cause the
complementary node to flip, as well, latching the erroneous
value. However, since the proposed memory structure lacks
a similar internal feedback mechanism, the complementary
storage nodes are affected separately by a particle strike.
In the case of a particle changing the data in one of the storage
nodes, the complementary node will remain unaffected and
both the nodes will store the same data level. Moreover, due
to the choice of an all-pMOS implementation of the proposed
bitcell, only a ‘0’ to ‘1’ upset can occur, resulting in both the
the data (SN) and its complementary value (SNB) storing a ‘1’
following such an upset. Therefore, by integrating a single
AND gate on the readout path of every column of the array,
the outputs are compared and an error can be detected in any
given bit.

By itself, the CDMR characteristic of the proposed topology
provides a reduced area bitcell implementation with inherent
multiple-bit error detection capabilities. However, while the
location of the error is known, it is not inherently clear if
the data or its complementary value was corrupted, as both
of the values will store a logic ‘1.’ This prevents the straight-
forward correction of the error, but by simply adding a parity
bit to each set of bits, such an error-correction capability can
be provided. The parity bit for every set of N bits is written
during write access to the memory and indicates whether the
number of ones in the written set of bits is even or odd.
If the parity is maintained despite the error, the complementary
value (SNB in Fig. 2) of the erroneous bit has been corrupted
and should be corrected, while if the parity is incorrect, the
SN value should be corrected.

A flowchart demonstrating the error detection and correction
algorithm is shown in Fig. 3. First, an N-bit word (DI)
and its complementary (DIB) are written to the input write
address. In parallel, the parity of DI is computed and stored
in the memory array. Following some period of retention, the
requested word in the array is read, outputting the data (DO)
and its complementary value (DOB). These two values are
bitwise compared, and if any of the bits are equivalent, an
error has occurred, and a correction mechanism checks the
parity of the DO vector against the stored parity bit. If the
parity is found to be correct, the SNB of the erroneous bit has
flipped, while if the parity is correct, the SN value is incorrect.
The erroneous data are then corrected to provide an error-free
output.

Note that the suggested error correction scheme with a
single parity bit for an N-bit word does not apply to
multiple bit upsets, which can be induced through highly
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Fig. 3. Flowchart illustrating the error detection and correction algorithm.

energetic cosmic ray particles resulting in a parasitic bipolar
conduction [29], potentially flipping numerous bits in a single
well. To account for more than one error per every set of
bits that includes a parity, bit interleaving techniques can be
used [8]. However, for single-ended readout storage archi-
tectures, half-select susceptibility is a problem that must be
addressed, if column multiplexing or byte masking is required.
This can easily be solved by either writing entire words at a
time, or by performing a read-modify-write operation, when
byte masking is required. In addition, parity can be applied to
every k < N bits for additional protection.

IV. IMPLEMENTATION

The 4-T dynamic memory array was implemented with
minimum size in a low-power 65-nm CMOS technology using
standard VT pMOS transistors. pMOS transistors were selected
as they tend to have less leakage than nMOS transistors,
resulting in better retention time characteristics. The use of
minimum length devices is not optimal in terms of retention
time and/or static power. However, we chose to demonstrate
the idea with minimum-sized devices to emphasize that even
with this minimal area choice, the proposed solution is effi-
cient. The characteristics of the proposed bitcell could be
improved through device upsizing at the expense of additional
silicon area. Furthermore, standard VT devices were chosen to
demonstrate the general application of the approach even to the
most basic and compact circuit design. High-threshold (HVT)
devices can further increase the retention time, at the expense
of an increased underdrive voltage for write assist. The combi-
nation of HVT and standard-VT devices for implementation of
the write and read ports, respectively, can be used to provide
better retention time and read performance. However, this too,

comes at the expense of area required by the design rules for
mixing these options. For further discussion of these and other
GC-eDRAM implementation options, the reader is encouraged
to turn to previous publications [30], [31].

The following sections demonstrate the bitcell’s SEU tol-
erance, layout, and power comparison with a conventional
6-T SRAM bitcell and state-of-the-art radiation-hardened
circuit-level solutions.

A. SEU Tolerance

Cell operation under SEUs is demonstrated in Fig. 4,
showing consecutive write, upset, and read events for data
‘1’ and ‘0’ with a 400 mV supply voltage, which is suitable
for low-power applications, often operating in the subthreshold
domain. The SEU was modeled by connecting a current source
to the SN node of the bitcell and applying a double-exponential
current pulse during the standby states of the cell, according
to the model presented in [32]. The physical composition
of the cell only allows a positively charged upset [27], and
therefore, in the example, only this type of particle strike is
shown. On the one hand, in the first demonstrated strike, the
cell is storing a ‘1,’ and the positive charge only strengthens
the stored level, leaving RBL discharged during readout and
not leading to an error. On the other hand, when data ‘0’ is
stored, the applied pulse causes an increase in the voltage level
stored at SN, causing the RBL to erroneously charge during
readout. Since the complementary value, stored in SNB, is
also a data ‘1,’ both RBL and RBLB provide a logic ‘1’ at the
output, indicating that an error has occurred. In addition, the
parity will no longer be correct, which implies that the error
occurred in the SN of the erroneous bit, and therefore, this
node should be pulled back down to ‘0’ to correct the error.

As previously pointed out, the sensitivity of a memory
bitcell to particle strikes is commonly quantified using the
Qcrit metric, which is determined by integrating the applied
current source at the point where it causes a read failure
following an SEU. However, the inherent error detection and
correction capabilities of the proposed topology and archi-
tecture significantly reduce the relevance of the Qcrit metric
and make it inappropriate for comparison with other solu-
tions. Nonetheless, the Qcrit of the 4-T bitcell was extracted
through simulation under particle strikes, according to [32].
Interestingly, due to the dynamic nature of the cell and the
deterioration of the stored level between refresh operations,
the Qcrit varies with time. The results are depicted in Fig. 5
for a bitcell under worst case retention time conditions [30] in
different process corners, showing that the Qcrit has the highest
value following a write ‘0’ operation and it degrades as time
passes due to a deteriorated ‘0’ level as a result of leakage.
For a fast corner the Qcrit is equal to 0 after 50 µs, since the
retention time has passed, and any particle strike would cause
a readout error. For typical and slow corners, the Qcrit equals
0 after 340 µs and 1.7 ms, respectively. While these values
are significantly smaller than those presented by other circuit-
level solutions, the error-correction and detection capabilities
of the cell make them sufficient for high-radiation operation.

With aging, it is assumed that the critical charge of the
cell will increase, as aging usually affects CMOS processes
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Fig. 4. Waveform demonstration of write-upset-read events.

Fig. 5. Qcrit as a function of the time after write at different process
corners.

by causing the threshold voltage to rise due to hot carriers
and negative bias temperature instability (NBTI). Such effects
actually improve the retention time of GC-eDRAM cells, as
the subthreshold leakage from the storage node decreases.
Furthermore, previous publications [33], [34] have shown that

NBTI degradation does not have a large impact on the SEU
rate.

B. Silicon Footprint
The standard approach to memory bitcell design is to

use very small devices and “push” the design rules to their
limits in order to integrate as many bits as possible within
a given area. While the resulting noise margins and soft-
error tolerance of 6-T and 8-T cells designed with pushed
rules are sufficient for standard operating environments, this
approach leads to circuits that are extremely sensitive to
high-radiation environments. Therefore, all previous radiation-
hardened bitcells, such as DICE [12], Quatro 10T [13], and
SHIELD [14], incur a large area overhead, compared with a
conventional, high-density 6-T bitcell. The proposed approach,
on the other hand, reduces both the transistor count and the
overall silicon footprint of the memory bitcell, while still
providing SEU tolerance, as described above.

The layout of the proposed 65-nm 4-T CDMR bitcell,
implemented with standard-VT pMOS transistors, is shown
in Fig. 6(a). Fig. 6(a) presents a single bitcell (dashed
line), integrated within a memory array, comprising an area
of 1.01 µm2. For comparison, a conventional 6-T bitcell,
drawn with standard design rules, is illustrated in Fig. 6(b).
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TABLE I

COMPARISON OF MEMORY SOLUTIONS FOR SPACE APPLICATIONS

Fig. 6. (a) Small section of the 4 T GC-eDRAM array layout showing the
dimensions of the unit cell compared to (b) 6-T SRAM cell layout.

The proposed cell is 47% smaller than the standard non-SEU
tolerant memory circuit, and between 2.5×–5× smaller than
the other considered bitcells, as given in Table I.

Note that SRAM macros are often provided with high-
density “pushed-rule” layouts. Such an approach is, in most
cases, unavailable to the designers of custom bitcells, and
so comparison with a standard design rules implementation
is common practice in the open literature [20], [35], [36].
In addition, such an approach presumably further increases
the SEU sensitivity of the cell, and is therefore detrimental in
the case of rad-hard design. Nonetheless, for further reference,
the reported area of pushed-rules SRAM in the same technol-
ogy node is given in the footnote of Table I.

C. Power Consumption

The static power of memory arrays is often considered the
most important aspect of chip power consumption, due to the
large number of bitcells in a standby state at any given time.

Fig. 7. DRT distribution of proposed bitcell.

Whereas leakage is the dominant static power component of a
standard SRAM, when considering a dynamic memory such as
the proposed cell, the static power comprises both the leakage
and the refresh power of the array, and in most cases, the
refresh power is the dominant factor [30]. Since the refresh
power is a function of the data retention time (DRT), extraction
of this parameter is essential for static power estimation.

Fig. 7 presents the DRT distribution of the proposed
bitcell, extracted for a worst case scenario, as described
in [29] and [31] from 8 k Monte Carlo statistical simulations,
modeling both process variations and mismatch. Based on this
data sample, the worst case DRT for this technology would
be 50 µs. Of course, for large memories, a higher sigma DRT
estimation is needed. Therefore, a power transformation was
applied to the distribution of Fig. 7 to extrapolate the six-sigma
worst case DRT [37], which was found to be 12 µs. However,
when considering large memories, constructed of many banks
and arrays, separate refresh periods can be applied to each
array. Furthermore, refresh power can be further reduced
through various retention-time extension and process com-
pensation techniques, such as those shown in [29] and [39].
Therefore, for our power calculations, we consider the DRT
extracted from the statistical sample in Fig. 7, as a typical
refresh period value for an average GC-eDRAM bank.

Fig. 8 compares the retention power of the suggested cell
with the static power consumption of a conventional 6-T
SRAM, 12-T DICE [12], 10-T Quatro [13], and SHIELD [14]
bitcells, which were implemented in the same process
technology with minimal-sized transistors. The retention
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Fig. 8. Comparison between the retention power of the proposed 4-T gain cell
and the leakage power of a 6-T SRAM, 12 T DICE [12], 10-T Quatro [13],
and SHIELD [14].

power constitutes of the leakage power and refresh power
of the cell, which includes the switching power of read and
write operations. Therefore, the first step was to evaluate the
retention time of the cell to indicate the required refresh
period. Subsequently, the read and write energies were divided
by the retention time to provide the refresh power component.
The refresh power constituted 40%–60% of the total power
consumption of the CDMR memory, depending on the supply
voltage. Simulations were conducted under worst case biasing
during retention with WBL and WBLB kept at the opposite
voltage levels to those stored at SN and SNB, resulting in the
highest leakage currents. Nevertheless, the suggested CDMR
memory clearly has the lowest standby power consumption
across the entire range of simulated supply voltages. This is a
reduction of 59%–87% at nominal conditions (1.2 V) and 48%
lower than the SHIELD solution at 0.4 V, which is the only
other functional solution at such a scaled operating voltage.

The switching power consumption of a memory array is
proportional to its bitline and wordline capacitances, which
need to be charged/discharged during a dynamic operation.
The smaller size of the suggested cell, compared with the
other bitcell solutions, indicates that the switching power of
the suggested cell is also lower due to the smaller capacitances
that need to be charged. The dynamic energy required to
write and read a single bitcell was simulated using layout
extracted parasitic capacitances and the results clearly indicate
that the suggested 4-T cell has the lowest switching power
consumption among the considered circuits.

Table I summarizes the comparison between the 4-T CDMR
memory and the other considered bitcell solutions [12]–[14].
Table I clearly emphasizes the benefits of the proposed
solution, achieving much lower power and area consumption
compared with other memory options and including inherent
error detection capability and a low-overhead error correction
capability.

V. CONCLUSION

This paper presents a novel approach to soft-error tolerance
in embedded memory arrays. Instead of the traditional attempt

to increase the critical charge required to flip a cross-coupled
feedback mechanism, we presented a dynamic memory-based
solution, lacking internal feedback, which utilizes CDMR and
single-bit parity to achieve per-bit error detection and single-
bit error correction capabilities. The proposed 4 T CDMR
memory array was implemented in a 65-nm technology within
a silicon footprint that is 47% smaller than a conventional
6-T SRAM bitcell and 2.5×–5× smaller than other state-
of-the-art radiation-hardened bitcells. In addition, the static
power consumption of the proposed topology is more than
48% lower than the other soft-error tolerant bitcells across the
entire operating range.
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