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Design of a Non-\olatile 7T1R SRAM
Cell for Instant-on Operation

Wei Wei, Student Member, Kazuteru Namba, Member, Jie Han, Member and Fabrizio Lombardi,
Fellow

Abstract—Energy consumption is a major concern in
nanoscale CMOS ICs; the power-off operational mode and low
voltage circuits have been proposed to alleviate energy
dissipation. Static Random Access Memories (SRAMs) are widely
used in today’s chips; non-volatile SRAMs (NVSRAMs) have
been proposed to preserve data, while providing fast
power-on/off speeds. Non-volatile operation is usually
accomplished by the use of a Resistive RAM circuit (hence
referred to as RRAM); the utilization of a RRAM with an
SRAMs not only enables chips to achieve low energy
consumption for non-volatile operation, but it also permits to
restore data when a restore on power-up is performed (this
operation is also commonly referred to as “Instant-on”). This
paper presents a novel NVSRAM circuit for “Instant-on”
operation and evaluates its performance at nanometric feature
sizes. The proposed memory cell consists of a SRAM core (in this
case, a 6T cell) and an Oxide Resistive RRAM circuit (1T1R),
thus making a 7T1R scheme. The proposed cell offers better
non-volatile performance (in terms of operations such as “Store”,
“Power-down” and “Restore”) when compared with existing
non-volatile cells. The scenario of multiple-context configuration
is also analyzed. Figures of merit such as energy, operational
delay and area are also substantially improved, making the
proposed design a better scheme for “Instant-on” operation.

Index Terms—Static Random Access Memory (SRAM),
HSPICE, Resistive RAM, Non-volatile Memory, NVSRAM,
Leakage Reduction.

1. INTRODUCTION

Recent advances in memory technology have made
possible new modes of operation for nanoscale Integrated
Circuits (ICs). For example, Field Programmable Gate Arrays
(FPGAs) have mostly utilized Static Random Access
Memories (SRAMSs) as programming technology [1] [2] [3].
However with the reductions in supply voltage and feature
size, the leakage current of a SRAM has considerably
increased, thus becoming a major source of energy
consumption when the IC is in standby mode [1]. However,
SRAMs are volatile, so, non-volatile storage is required for
power-down operation. A non-volatile SRAM (NVSRAM)
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can combine the benefit of a simple access and a nearly
unlimited “Store” capability of a SRAM with a non-volatile
element, such as an EEPROM (electrically erasable
programmable ROM). In the past non-volatile RAMs had the
disadvantages of low density (at most 4 Kbit) and significantly
lower speed than a volatile SRAM [4]. Through the years,
increased density (64 Kbit) and faster access (30ns for military
standard 1Cs) have been reported for NVSRAMSs [4]. The
NVSRAM is normally accessed like any static RAM and a
“Restore” signal is utilized to clear the volatile data held in the
SRAM and replace it with the data held in the non-volatile
storage when a “Restore” on “Power-up” is performed. This
operation is also commonly referred to as “Instant-on” [1] [3].

The continued growth of semiconductor non-volatile
memories will likely rely on advances in both electronic
materials and device structures. Extensive efforts have been
devoted to address these two complementary issues.
Resistance switching is the basic physical phenomenon in the
operation of a Resistive Random Access Memory (RRAM);
this phenomenon has been studied for more than 40 years [5].
In addition to its non-volatile operation, one of the most
evident advantages of a RRAM s its compatibility with
CMOS processes, such that the current infrastructure can be
readily applied to its fabrication/manufacturing. Furthermore,
the scaling merit of a RRAM permits to operate at low energy
consumption, making it a very competitive technology for
large storage at low costs. In the past decade, several novel
techniques have been proposed for implementing NVSRAMs,
such as ferroelectric capacitors [6], phase change [7],
non-polar Resistive Switching Devices (RSDs) [8],
nanocrystal PMOS flash [9], Spin-Transfer-Torque MTJs
(STT-MTJs) [10] and the memristor [11].

The Oxide Resistive RAM (OXRRAM) represents yet
another attractive technology for implementing a RRAM.
OxRRAMs are compatible with a CMOS process flow, while
offering advantages, such as high scalability and good
operating speeds [5]. Moreover, storage of multiple bits on a
single memory cell (i.e. on a non binary basis) has also been
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Fig. 1. General model for NVM with 6T cell as SRAM core.
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pursued to increase the density of the memory.

The objective of this manuscript is to propose a new
NVSRAM cell with the following novel features.

e  While still utilizing a volatile SRAM core (in the simplest
scheme, a 6T, but other configurations such as 8T or 9T
could also be used), non-volatile operation is achieved by
using only a 1T1R circuit (as Resistive RAM, or RRAM)
to implement “Instant-on” operation (Fig. 1). This is
different from previous cells that require two RRAMSs in a
complementary circuit scheme [1] [3].

e The operations of the proposed non-volatile SRAM
(NVSRAM) cell are demonstrated, simulated, analyzed
and compared. Extensive simulation results show that the
proposed cell has superior performance, especially in
terms of leakage mitigation.

e An assessment of variability is also investigated; due to
the asymmetrical design, variability in process and
resistance is slightly increased for the proposed 7T1R
cell. However, the percentages of variation are extremely
small (at 32nm for nearly all cases well below 1%, it is
3% for only a single case); this is less than the variation of
a single nanometric MOSFET at the same feature size
[20], thus unlikely to affect in practice the correct
operation of the proposed NVSRAM.

This paper is organized as follows. Section Il outlines a
brief review of existing NVSRAM cells as well as the RRAM.
The proposed design is outlined in Section Ill, while its
evaluation is accomplished by modifying an existing RRAM
model, as pursued in Section IV. Section V deals with a
detailed evaluation of the proposed cell with respect to energy
and delays as relevant performance metrics for non-volatile
operation. Section VI extends the comparative evaluation to
other figures of merit such as area, Static Noise Margin
(SNM), process variability and multi-context configuration.

Il. REVIEW

RRAMs have been widely applied as non-volatile
elements for the memory function during “Power-off”. A brief
treatment of the basic phenomenon of resistive switching as
employed in a RRAM is presented. Several memory cells that
utilize RRAMs, have been proposed in the technical literature
[1, 3, 18]; they are all reviewed next.

A. Resistive Technology

Resistance switching is the basic physical phenomenon in
the operation of a RRAM; this phenomenon has been studied
for more than 40 years [5]. This negative resistance feature
was first observed in the current-voltage (1-V) characteristics
of five metal-oxide-metal (MOM) structures: SiOx, Al>Os,
Ta,0s, ZrO, and TiO; [5]. [5] has also reported the general
occurrence of a negative resistance effect in a MOM structure
as well as a switching mechanism of NiO; switching is mostly
due to the formation and rupture of a nickel metallic filament
in a NiO thin film sandwiched between two electrodes. The
switching speed of oxide materials and the dependence of the
switching voltage on the thickness have also been analyzed in
[12].

The filament model was first proposed in 1967 [13]. [13]
has studied RRAM-like MOM stacking structures to support

the filamentary nature of the non-volatile resistance switching
effect. The electrode area dependence (in the order of
micrometers) and the oxide thickness dependence (in the order
of nanometers) on the |-V characteristics were also
investigated in [13]. The basic scheme of a RRAM employs
anormally insulating dielectric that can be made to conduct
through a filament or conduction path; the filament or path is
formed after applying a sufficiently high voltage. The
conduction path can arise from different mechanisms, such as
a defect or metal migration. Recent data suggest that multiple
current paths are probably involved in this process [14].

This resistive switching phenomenon has been observed
in several transition metal oxides such as TiO,, HfO,, CuyO,
NiO, ZnO and some perovskite oxides. The RRAM consists of
a Metal-insulator-Metal (MIM) structure with a Transition
Metal Oxide (TMO) sandwiched between the Top Electrode
(TE) and the Bottom Electrode (BE) contacts (usually it is
cohabitant with a “via” [14]). For the bipolar RRAM,
following an initial increase in the applied voltage, the High
Resistance State (HRS) of the device changes to a Low
Resistance State (LRS). This process is referred to as SET.
The LRS changes to the HRS by a voltage sweep of the
opposite polarity. A sudden current drop is observed for the
RESET process. So, the RESET and SET processes are
achieved by applying a voltage in the opposite direction. [12]
has shown that the current flows uniformly in the HRS, while
it is localized in the LRS. Also, the voltages for the RESET
and SET do not depend on the thickness of the oxide;
therefore the corresponding switching effects are associated
only with the homogeneous/inhomogeneous transition of the
current distribution.

B. Previous NVSRAMSs

This section reviews two NVSRAM cells using RRAMs
for non-volatile storage. The 8T2R [1] and the 9T2R cells [3]
adopt different processes and schemes to program the
NVSRAM.

1) 8T2R memory cell

The 8T2R NVSRAM cell is designed using a
complementary circuit (Fig. 2) [1]. Two RRAMs (RRAML,
RRAM2) are used per SRAM cell (given by the MOSFETs
M1-M6). The resistive elements are connected to the data
nodes of the SRAM cell to store the logical information for the
6T cell during “Power-off”, thus abiding to the general model
of a NVSRAM of Fig. 1. The resistive elements are part of
two RRAMs and are accessed using two control transistors
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Fig. 2. RRAM-based 8T2R NVSRAM cell [1].
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Fig. 3. RRAM-based 9T2R NVSRAM cell [3].

(M7, M8). As per the information stored at the data nodes (D,
DN) of the 6T core, each RRAM is programmed either to a
LRS or HRS. When the power supply is turned ON, the data is
written back to the 6T SRAM core based on the states stored
in the resistive elements. In [1], a 22nm LETI-FDSOI
technology and HfO;-based OxRRAMSs are used when
designing the NVSRAM.

A different 8T2R NVSRAM cell (referred to as Rnv8T)
is proposed in [18] by incorporating two fast-write low-current
RRAM devices; this cell adds two transistors to the original
6T SRAM core for a differential read operation. Its
performance will be investigated in later sections and
compared with other memory cell types.

2) 9T2R memory cell

Similarly, the 9T2R memory cell (Fig. 3) takes advantage
of two programmable RRAMs for non-volatile storage during
the “Power-down” state [3]. In addition to a 6T SRAM core,
an equalization transistor (M9) is introduced. The source and
drain of M9 are connected to the storage nodes D and DN
respectively. The gates of the two access transistors (M5, M6)
of the SRAM core and the equalization transistor are tied
together to the Restore signal. Also different from the 8T2R
circuit, it utilizes only a single Bit Line (BL) and introduces an
additional Source Line (SL) to program the two RRAMs. The
intermediate nodes of the two 1T1R cells are connected to the
original and complement BLs of the SRAM core respectively.
The sources of M7 and M8 are tied together to the SL, while
the other ends of the 1T1R cells are connected to BL. Each
1T1R cell has its own Word Line (denoted as WLL and WLR
respectively); therefore, the data are stored in the two RRAMSs
during the “Power-down” state and restored back to the 6T
SRAM core when the power supply is turned ON.

I1l. PROPOSED DESIGN

The proposed 7T1R NVSRAM design is shown in Fig. 4.
In this circuit, only one 1T1R (with a resistive element
denoted as RRAML1) is added to the 6T SRAM core (M1-M6).
RRAML is controlled by the transistor M7; it is connected
directly to the data storage node of the memory core and is
used to store the logic information of the SRAM during its
“Power-down” state. The transistor sizing strategy for
designing the 7T1R depends on the core of the proposed cell
(in this case, a 6T SRAM) and must consider its Read/Write
operation correctness; so, the sizing of each transistor (i.e.
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Fig. 4. Proposed 7T1R NVSRAM cell.

WIL) is as follows: 3:1 for M5, M6 and M7; 4:1 for M1 and
M3; 2:1 for M2 and M4. This design and sizing strategy are
evaluated using the layout of the proposed 7T1R cell in the
next sections.

Hence, similar to the 8T2R NVSRAM cell and depending
on the specific information stored at the SRAM data node, the
RRAM element changes its resistance between the Low
Resistance State (LRS) and the High Resistance State (HRS).
The SET process changes the resistance element from HRS to
LRS; the RESET process is used for the reverse operation.

To achieve non-volatile “Instant-on” operation, the
proposed memory cell has two basic states: “Power-down”
and “Power-up”. “Power-up” requires to “Reset” (i.e. the
RESET process takes place in RRAM1, but affecting also the
memory core), “Store” and “Restore”. Thus, consider each of
these operations in more detail.

1) Reset

RRAML1 is changed back to HRS ahead of writing to the
memory core, this is accomplished by the “Reset” operation.
During this step, a “1” is applied on CTRLI to turn ON M7
and a “1” is also applied to CTRL2; meanwhile, the power
Vdd is turned OFF. Hence, if the RRAM1 is in HRS, a RESET
is not required. If the state of the RRAML1 is in LRS, the
voltage at node D will rise due to the application of the high
voltage of CTRL1 and CTRL2; however, the negative voltage
drop on RRAML is high enough for the device to be reset and
thus, it changes its state from LRS to HRS.

2) Store

In this operation the access transistors M5 and M6 are
turned ON, the complementary data on the Bitline (BL) is
“written” into the storage node D. Meanwhile, M7 is turned
ON and CTRL2 is at OV to program RRAML1 depending on
the voltage at node D. Hence, if D is “1”, the positive potential
drop on RRAM1 changes the state from HRS to LRS. Thus,
the operations of writing the data into the 6T SRAM core and
programming RRAM1 are completed in one step. At
completion of this step, RRAM1 presents different resistance
states corresponding to the stored information: if D is “1” (and
DN is “0”), it is in LRS; if D is “0” (and DN is “17), it is still
in HRS, following “Reset”.

3) Power-down

The non-volatile storage capability is accomplished by
the different resistance states of RRAML. The following
signals are applied to ensure the retention of this information
during the “Power-down” step. M7 is turned OFF, because it is
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controlled by CTRL1. Meanwhile, Vdd and Vss are both
lowered to 0V, such that D=DN=“0". So, no power supply is
provided in this state.

4) Restore

For the “Restore” operation, the transistor M7 is turned
ON, CTRL2 is high and the power supply is turned ON.
Meanwhile, Vss is low. If RRAML is in LRS, the storage node
D remains at “1” and DN is discharged through M3. If
RRAML1 is in HRS, there is initially a voltage increase at node
D; however, the fast voltage increase at node DN turns ON
transistor M1. D finally discharges back to “0”, because it is
connected to CTRL2 through the significantly larger
resistance of RRAML. So, the execution of “Restore” “0” is
relatively more complicated than “Restore” “1” due to the
asymmetric design of this cell. The correct execution of the
above operations is shown in the next section by simulation.

IV. SIMULATION

In this section, the model of the RRAM is first presented,
followed by the evaluation of the basic memory operations of
the proposed cell as well as the two NVSRAM cells found in
the technical literature [1] [3].

A. OXxRRAM Operation

Non-volatile memory operation requires the use of a
resistive element within a RRAM circuit. A compact
behavioral model has been proposed in [2]. A modification to
the model of [2] is implemented such that it can be used in
memory design. The new model is shown in Fig. 5; this model
differs from [2] by the use of the comparator CMP.. As shown
in Fig. 5, the Vin+ and Vin- of [2] are replaced by two nodes
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Fig. 6. Simulation of modified bipolar RRAM model.

TABLE |
DEVICE PARAMETERS FOR OXRRAM HSPICE SIMULATION
Parameter Original Model Modified
[2] Model

Temperature 25C 25C
MOSFET Feature Size 0.35 um 32nm
Vdd 3V 09V
Vs 18V 05V
Vr 0.8V -0.5V
Rser 15Q 1 KQ
Rreser 200 KQ 1 MQ
Ry 1000 KQ 100 O
R 1000 KQ 100 O
C, 0.5 pF 5fF
C, 50 pF 5 fF

of value V\\, as further adjustment to the model. Also, the
switches of [2] have been replaced in the new simulation
model with CMOS transistors (Fig. 5) to improve the read
capability. As in [1], HRS is achieved by the RESET process
and using a negative RESET voltage. As shown in Fig. 5,
during RESET, S: is “1” and a decrease of Vv results in
charging the capacitor C,. The output voltage of CMP,
changes to “1” when the negative value of V» is lower than the
RESET voltage (Vr); hence, the state is switched to HRS. The
operating supply voltage Vdd is also changed (Table 1) to an
appropriate value for the feature size (i.e. 0.9 V for 32nm
feature size). The variation of the MOSFET feature size also
requires to change the period of charge/discharge, hence the
new values for the internal parameters (such as R1, R2, C1
and C2 in Table 1) are from the experimental data of [15]. The
external parameters such as the SET voltage (Vs), the RESET
voltage (VRr), the SET resistance (Rser) and the RESET
resistance (Rreser) vary as dependent on the resistive element
used in the RRAM cell. For nanosecond operation a reduction
and calibration of the internal parameter values of the model
of [2] are required. This is related to the new OXRRAM
technology that has fabricated and demonstrated
experimentally in [15] using Hf/HfOx. The original OXRRAM
data in the model of [2] is based on TiO thin films (2nd
column of Table I); hence, this model operation is restricted to
millisecond scales. In this paper, the OXRRAM technology of
[15] (its relevant parameters are shown in the 3rd column of
Table 1) is used for nanosecond operation. The operation of
the modified RRAM model is shown in Fig. 6 using the
parameters of Table | for the OXRRAM; the SET and RESET
processes are shown in the first and second cycles when Sp or
S1 is turned ON. In addition, depending on the biasing input
voltage V\n, the model shows the polarity of the current as
required for the correct operation of the OXRRAM. Sg and S;

TABLE Il
PARAMETERS FOR NVSRAM SIMULATION
Parameter Value
Temperature 25C
MOSFET Feature Size 32nm
Vdd 09V
Vss ov
CTRL1, CTRL2 09V
Source Line (SL) 09V
RRAM1 or RRAM2 (LRS/HRS) 1 KQ/1MQ
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are utilized in the behavioral model of [2] for nanosecond
scale operation; these voltage signals are for biasing purposes
only in the simulation process for the evaluation of the
memory circuits in this manuscript, i.e. they do not exist at
physical level.

B. Memory Operation

The proposed NVSRAM cell has been simulated using
the parameters listed in Table II; this evaluation concentrates
on the performance of the NVSRAM for the “Power-down”
and “Restore’ operations.

Consider initially the “Store” “1”, “Power-down” and
“Restore” “1” operations; the simulation results for “1” and
“0” are shown in Fig. 7 and Fig. 8, respectively. Prior to
executing these operations, the memory cell requires “Reset”
to change the resistance value of RRAM1 to HRS; this is also
reflected in the timing diagram. The period of each cycle is
given by 20 ns due to the programmable property of an
RRAM (that requires at least 10 ns for the resistance variation)
and by also considering the control signals, such as the Word
Line (WL). It consists of four cycles as follows.

e In the first cycle, WL and So are turned ON and the 6T
memory core is written; meanwhile, RRAML1 is
programmed, because M7 is turned ON (controlled by
CTRL1 and CTRL2, for Vdd and 0V, respectively). In
this case, the value of BL is “1”, the SET process is
executed due to the positive voltage drop across RRAM1
from D to CTRL2 and the resistance changes to LRS (i.e.
1 KQ). In Fig. 8, the value of BL is “0”, RRAML1 is kept
in HRS (because the voltage of D is “0”); there is no
significant voltage drop across RRAM1. Hence, the
“Store” state is completed.
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Fig. 7. Store “1”, Power-down and Restore “1”” operations of the proposed
7T1R cell at 32nm.
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Fig. 8. Store “0”, Power-down and Restore “0” operations of the
proposed 7T1R cell at 32nm.

e During the second cycle, when the power supply Vdd is
turned OFF (i.e. 0V), the storage node D in the
incorporated 6T memory core discharges to “0”, while the
programmed RRAML stores a “1” (as LRS). During this
cycle of the “Power-down” state, the proposed memory
cell saves a significant amount of energy, compared with
that a conventional volatile 6T SRAM in “Standby”
(caused mostly by leakage).

e At the start of the third cycle, Vdd is turned ON; hence,
M7 turns ON and CTRL2 changes to “1”. The storage
node D charges back to “1”, hence fully achieving the
“Restore” process.

e Finally, the last cycle shows that the “Restore” process
provides the same voltage value as the “Store” operation.
Therefore, the “1” stored before “Power-down” is written
again to the memory core, thus correctly executing the
“Instant-on” operation.

Similarly, Fig. 8 shows the complete execution of the
“Store” “0”, “Power-down” and ‘“Restore” “0” operations in
each cycle. In the “Restore” cycle when the power supply is
turned ON, the voltage values of D and DN are “0”. During
“Restore”, the power is turned ON, when the voltage values of
D and DN have already discharged to zero. When the voltage
of CTRL1 for turning ON M7 and CTRL2 is changed to “1”,
which will slow the charging of the storage node D since the
large resistance value of HRS for RRAM1; so, DN is charged
faster than D to “1” due to the cross-coupled inverter scheme
of the 6T SRAM core, while finally a “0” is retained at D.
These results show that the proposed memory cell successfully
and correctly restores the information after the “Power-down”
state by utilizing the resistance switching feature of the
RRAM to accomplish non-volatile storage.
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Fig. 9. Store and Restore “1”” of 9T2R memory cell at 32nm.

C. Previous NVSRAMs

This section investigates the two NVSRAM cells found
in the technical literature. The 8T2R memory cell [1] employs
a scheme similar to the proposed 7T1R cell; however, the
9T2R cell of [3] adopts a different scheme to utilize the
RRAM and achieving the non-volatile storage function.
Similar to the proposed cell using a RRAM, this memory cell

500m |

vdd (V)

500m

So (V)

500m-{
0 A fe-

|
500m{ i
o 1w

500m ]

0 A

500m-
0 *

500m
0 4

BL (V) Restore (V) WLR (V) WLL (V)

SL(V)

500m | \
0 e )

D (V)

DN (V)
]

soom{

0 20n 40n 60n 80n
Time (s)
Fig. 10. Store and Restore “0” of 9T2R memory cell at 32nm.

TABLE Il
ENERGY OF MEMORY CELLS (32NM)
Memory Cell Operation Energy (fJ)
“« e
7TiR Reset 38.61 49.55
Store 163.3 219.2
Restore 456.8 389.9
8T2R [1] Reset 62.42 62.42
Store 379.2 379.2
Restore 490.1 490.1
9T2R [3] Store 505.3 487.9
Restore 523.4 577.8
6T Write 139.6 139.6
Rnv8T [18] Write 182.5 182.5
Store 478.1 478.1
Restore 494.7 494.7

also utilizes the “Power-down” state to avoid leakage. The
operation of the 8T2R NVSRAM cell shows waveforms
similar to those in Fig. 7 and Fig. 8 (using the parameters
listed in Table Il for the “Restore” operation after
“Power-down”).

Fig. 9 and Fig. 10 show the simulation results for the
“Store” operations (“1” and “0” respectively); as previously, a
20ns cycle is utilized. In Fig. 9, the first two cycles are used to
program the two RRAMs. In the third cycle, the power supply
is turned OFF and the voltages at the storage nodes (D and
DN) discharge to zero. When the power supply is turned ON
in the fourth cycle, the programmed RRAMSs quickly
“Restore” the stored data back to the 6T SRAM core using the
Restore signal. The operations for the “0” condition are shown
in Fig. 10, thus proving the operational correctness of the
9T2R memory cell.

V. PERFORMANCE EVALUATION

In this section, the four non-volatile memory cells
(proposed 7T1R, 9T2R, 8T2R and Rnv8T cells) and the
volatile 6T SRAM are evaluated; figures of merits such as
energy and average Read/Write (Store) delays are presented.

A. Energy

Energy is assessed using the parameters listed in Table II;
due to the limitation of the behavioral model for the RRAMSs,
the evaluation results for the energy include the HSPICE
simulation results with the data of [15], thus taking into
consideration the energy of the RRAM for its operations, such
as SET/RESET. The average energies of these circuits are
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Fig. 11. Average “Write”/“Store” energy for the different memory cells
versus feature size.
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Fig. 12. Average “Restore” energy for four different NVSRAM memory

tvoes versus feature sizes.
presented in Table 111 for all operations (i.e. “Write”, “Store”
and “Restore”) under both values (i.e. “0” and “1”). The
energies of the “Reset” operation for the 7T1R and 8T2R cells
are also presented in Table Il for the “Instant-on™ cells. The
proposed 7T1R memory cell achieves a significant reduction
in energy for these operations. This is particularly important
for the “Store” and “Restore” operations, because the
proposed NVSRAM cell utilizes only a single programmable
RRAM. Also, a substantial difference in energy is reported for
the “0” and “1” values; this is due to the asymmetric design of
the proposed cell (as utilizing only a RRAM connected to D).
Finally, compared to the volatile 6T SRAM cell, the proposed
memory cell requires more energy when the data is written
during the “Store” operation. The proposed cell is
non-volatile; so, the power dissipation is reduced more in the
“Power-down” state than in “Standby” (as applicable to the 6T
SRAM and given by 13.96 nW as obtained from simulation).

Energy is also affected by a change in feature size. Using
the parameters of Table II, Fig. 11 shows the average energy
for the “Store” operation; as expected, the average energy
decreases at lower feature sizes. The proposed 7T1R cell
remains the best among the NVSRAMs (with the 9T2R having
the highest value). The Rnv8T cell utilizes a variable supply
voltage (CVvdd in [18]), to reduce the energy for the “Store”
state compared to the 8T2R cell (as also confirmed by the
evaluation in this paper).

Fig. 12 shows the average energy for the “Restore”
operation as applicable to the NVSRAM cells only; the
simulation results show that the 7T1R cell proposed in this
manuscript has the lowest value for rewriting the stored data
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16nm

Fig. 13. Average “Write”/“Store” delay for the different memory cells
versus feature size.

TABLE IV
AVERAGE DELAY OF MEMORY CELLS (32NM)
Memory Cell Operation Average Delay (ps)
“«r «pn

7TIR Store 30.17 31.40
Read 36.93 38.54

8T2R [1] Store 46.88 46.88
Read 39.40 39.40

9T2R [3] Store 145.0 147.1
Read 127.9 129.4

6T Write 29.86 29.86
Read 36.56 36.56

Rnv8T [18] Write 43.83 43.83
Store 66.34 66.34

Read 41.72 41.72

back to the SRAM core. Although it incurs in a penalty during
the “Store” operation, this scheme avoids the leakage current
in the “Standby” mode as incurred in a volatile SRAM cell.

B. Average Write(Store)/Read Delays

The proposed 7T1R memory cell has been simulated and
its performance is compared with the other three cells. Using
the parameters of Table II, Table 1V shows the simulation
results at 32 nm feature size for the “Store”/“Write” and
“Read” operations. Note that the “Reset” operation for both
the 7T1R and 8T2R memory cells is executed prior to the
“Store” operation. The results show the improvement of the
7T1R memory cell, especially compared with the 9T2R cell
for the “Store” operation. Except for the 9T2R, all other cells
have similar values for the average ‘“Read” delay. Different
from the other cells, the 9T2R cell incurs in a significant
penalty; this is mainly caused by its circuit implementation. As
shown in Fig. 3, BL is connected to both RRAMs, thus
slowing down the charge/discharge process.

For the “Store” operation, the proposed 7T1R requires a
longer time for programming the cell, thus leading to a very
small speed penalty compared with a 6T SRAM cell. The
Rnv8T has a relatively larger “Read” delay due to its
“Write”-assisted transistors [18] that increase the BL load. The
“Store” and “Read” delays are given in Fig. 13 and Fig. 14
versus a reduction in the feature size; the proposed 7T1R
memory cell accomplishes a significant improvement,
although it incurs in a small penalty with respect to the 6T
(volatile) SRAM. Moreover, Fig. 13 shows the simulation
results for both the “Write” and “Store” operations of the
Rnv8T cell; in this cell, the operations are separate, thus it is
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Fig. 14. Average “Read” delay for the different memory cells versus feature
size.
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Fig. 15. Layout of the 8T2R NVSRAM [1].

different from the other cells considered in this manuscript.
These results confirm that the proposed cell has excellent
performance for non-volatile memory operation and related
metrics, as based on the previously presented simulation
results.

VI. ADDITIONAL METRICS

In this section, additional metrics as related to area,
SNM, process variability and multi-context operation are
evaluated and compared among the NVSRAM cells.

A. Area

The layout of the 8T2R [1], 9T2R [3] and the proposed
7T1R cells are obtained using Cadence Virtuoso [19] at a
32nm MOSFET feature size. As RRAML1 is placed on a
different layer [15] than the MOSFETSs (using stacking), its
area is not included in this evaluation (this condition is
applicable to all NVSRAMSs considered in this manuscript).
Compared with a volatile CMOS (6T) SRAM with an area of
109222 [16], the 8T2R has an area of approximately 332812
(Fig. 15). Comparatively, the proposed non-volatile memory
cell further simplifies the design by using only one
programmable RRAM and its layout is presented in Fig. 16,
i.e. with a cell area of approximately 29582 The layout of
2x2 array for the proposed non-volatile is also shown in Fig.
17 to further demonstrate the feasibility of this design. The

Fig. 16. Layout of the proposed 7T1R NVSRAM.

Fig. 17. Layout of 2x2 array using the proposed 7T1R NVSRAM as cell.

9T2R cell of [3], requires an equalization transistor, thus
having a slight area penalty and resulting in an area of 338422
(Fig. 18). Hence also under this metric, the proposed memory
cell offers a significant advantage for saving area.

B. Static Noise Margin

The Static Noise Margin (SNM) is considered a metric
for the stability and robustness of a memory cell. The SNM is
defined based on the voltage transfer characteristics (VTC) of
the complementary storage nodes to characterize the tolerance
to noise.

Consider the proposed cell (Fig. 4); the 1T1IR RRAM is
only turned ON and connected to the 6T SRAM core during
the “Store” and “Restore” operations. The transistor M7 turns
OFF RRAML1 during the “Read” operation; hence, its effect on
the Read SNM (RSNM) can be neglected. Therefore,
simulation has concentrated on the Write SNM (WSNM) to
evaluate the stability of the proposed cell. Fig. 19 and Fig. 20
show the results at 32nm (using the parameters listed in Table
I1) for the “Store” “1” and “Store” “0” operations of the
proposed NVSRAM cell.

The WSNM is measured using the butterfly plot,
obtained from DC simulation by sweeping the input of the
inverters (DN and D). For a successful “Store”, only one
crosspoint must be found on the butterfly plot, indicating that
the cell is monostable; the WSNM for writing a “1” is the

R
SRR

s
io%
ke

Fig. 18. Layout of the 9T2R NVSRAM [3].
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Fig. 19. Write Static Noise Margin (WSNM) of 7T1R memory cell for
Store “1” at 32 nm.

width of the smallest square that can be embedded between
the lower-right half of the curves (the WSNM for writing a
“0” can be obtained in a similar fashion). The WSNM is the
least value between the “Store” “0” and “1” margins; a cell
with a low WSNM has a poor “Store” ability. The measured
widths of the smallest embedded square of the lower-right half
side of Fig. 19 and Fig. 20 are 0.313V and 0.297V,
respectively. They are less than the SNM of a 6T SRAM cell,
i.e. 0.390V [17]. Using the same method, the WSNMs of the
8T2R and the 9T2R memory cells are given by 0.322V and
0.332V, respectively. These two cells have a better SNM than
the proposed cell due to the complementary arrangement used
in the NVSRAM cells. Although the addition of a RRAM
deteriorates the WSNM of the memory cell, its influence can
be mitigated by varying the HRS of RRAM1 (Fig. 21). The
increase of the HRS resistance results in an increase in the
WSNM up to nearly the value of the 6T SRAM when the HRS
value is 30M Ohms. A different core configuration (such as 8T
or 9T) can also be used to improve the WSNM.

C. Process Variability

Process variability for both the RRAM and the
MOSFET is evaluated for the 7T1R, 8T2R and 9T2R cells
using Monte Carlo simulation. As these three cells utilize
the same memory core (i.e. a 6T SRAM cell) and the same
“Read” operation, only the variability for the “Store” and
“Restore” operations is analyzed with respect to the

MOSFET threshold voltage (V1) under different

800m .
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z
2 400m

200m i SR

o 3 I

0 200m 400m 600m 800m
DN (V)

Fig. 20. Write Static Noise Margin (WSNM) of 7T1R memory cell for
Store “0” at 32 nm.

0.5 1 2 5 10 15 30
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Fig. 21. Write Static Noise Margin (WSNM) of 7T1R memory cell
versus HRS resistance at 32 nm.

technology nodes [20]. As previously, a Gaussian
distribution is assumed used and characterized by its mean
value (n) and the standard deviation (o) from that mean, i.e.
using the 3o/u ratio expressed in percentage.

1) RRAM

The variability for the RRAM of the non-volatile
SRAM cells is firstly taken into account to characterize its
impact; variations in the resistance and threshold voltage of
SET/RESET process are evaluated. Consider the proposed
operation sequence; the RESET for the RRAM is only used
for the “Reset” state of the cells, so the variability of the
SET voltage (Vs) is pronounced for the “Store” ‘1’
operation when the RRAM is programmed. The standard
deviations (o) of the resistance and Vs of the RRAM are set
to 10% [21] with respect to mean values of 1KQ, IMQ and
0.5V for LRS, HRS and Vs, respectively.

Table V shows the process variability of LRS and
HRS for the “Store” and “Restore” operations (a bold entry
identifies the least value). Although the proposed 7T1R
non-volatile SRAM cell has excellent performance, it has
the largest variability percentage values (albeit still very
small) among the three memory cells, except for the
“Store” ‘1’ in LRS. This is caused by its asymmetrical
architecture and leads to the highest variability when the
operation of “Restore” ‘0’ is executed. Moreover, the
differential scheme of the 8T2R cell [1] shows a lower
impact to process variability for the RRAM resistance;
however, the 9T2R cell of [3] has the overall least

TABLE V
VARIABILITY (IN PERCENTAGE) FOR THE THREE NON-VOLATILE SRAM
CELLS AT 32NM
3o/n Parameter 7T1R 8T2R 9T2R

(%)

RRAM

LRS Store 1 0.209 0.917 0.118
Restore 1 0.578 0.059 0.036

HRS Store 0 0.635 0.459 0.257
Restore 0 3.392 0.126 0.075

Vs Store 1 0.793 0.656 0.237

MOSFET

Vq Store 1 0.422 0.461 0.037
Restore 1 0.572 0.371 0.011
Store 0 0.895 0.417 0.184
Restore 0 3.003 0.427 0.054
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variability percentage values (as shown by the bold entries
in Table V). It should be noted that all three NVSRAM
cells have extremely low RRAM variability (i.e. the
variability values for the operations of almost all cells are
below 1%), hence ultimately a variation in the RRAM has
an extremely modest effect on the operation of the
NVSRAMEs.

2) MOSFET

The simulation results are presented in Table V by
utilizing the parameters under the assumed standard
deviation for the threshold voltage (Vr) of [20]. These
results show that the proposed 7T1R cell also has the
largest percentage of variability among the three memory
cells, especially for the “Restore” 0 operation. However, its
value is only 3% (in most cases the other values are below
1%), so again not as critical to significantly affect the
correct operation of the cell.

D. “Restore” Operation

The “Restore” operation for the proposed 7T1R cell is
further assessed with respect to its correct execution and
the following additional features.

1) Node Capacitance

Compared to the 8T2R cell [1], the proposed 7T1R
cell reduces the circuit complexity by utilizing only a
RRAM (i.e. a 1T1R) within an asymmetric scheme, but
leading to a change in capacitance at the internal nodes D
and DN. Using the parameters in Table Il, the values of the
storage node capacitances in the 7T1R and 8T2R cells (i.e.
the internal nodes D and DN) are function of the MOSFET
feature size; Table VI shows the values during the
“Power-down” ahead of the “Restore” operation. While the
8T2R cell has an equal capacitance at both of these nodes,
the asymmetric nature of the proposed 7T1R cell results in
different capacitance values at D and DN. As this
difference in capacitance value is at most 5% (at 16nm), the
large value of the resistance of the connected RRAM (up to
IMQ) dominates the RC constant as timing for the
charging process of the storage node D. Hence the change
in node capacitance does not significantly affect the correct
execution of the “Restore” operation; it should be noted
that if a resistive element with low resistance values (such
as for example a memristor) is utilized in the RRAM, then
the operations of an asymmetric scheme could be affected.
2) Power Supply and Control Signals

An analysis is pursued for the power supply and the

TABLE VI
NODE CAPACITANCE OF 7T1R AND 8T2R CELLS

Feature Size Node Capacitance (aF)
7TIR 8T2R
45nm D 769.3 769.3
DN 742.4 769.3
32nm D 502.7 502.7
DN 483.0 502.7
22 nm D 318.3 318.3
DN 302.4 318.3
16 nm D 2153 2153
DN 201.7 2153
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Fig. 22. Timing diagram of 7T1R memory cell for Restore “0” at 32 nm.

control signals (CTRL1 and CTRL2) to further analyze the
correct execution of the “Restore” operation (in particular
for the “Restore” “0”). As discussed previously, the
proposed 7T1R cell utilizes the large resistance of the
resistive element in the RRAM and the capacitance of the
storage node to ensure a correct charging process for node
D in the “Restore” “0” operation. It is therefore important
to establish the timing relationship between the application
of the power and the two control signals (i.e. CTRL2 and
CTRL1Y).

For example if the power supply signal is provided
ahead of the control signals, an undefined state could be
reached. In addition, if the supply signal is provided long
after the control signals, the “Restore” operation could
result in incorrect data to the storage node, because M7 is
turned on with an initial charge at node D. A detailed
timing assessment of “Restore” “0” is therefore pursued.
Fig. 22 shows the two values (denoted by tvdg and tcuin) of
the timing differences between CTRL1 and the supply
signal and CTRL2 and CTRL1, respectively. Simulation
has shown that tyqs should be no more than 156.2 ps to
avoid a long time charge at storage node D, while tcuin
should be at least 39.5 ps for a correct “Restore” operation.
These values are not very stringent; as shown in Table IV at
32nm, the “Read” and “Store” delays are just above 30 ps,
hence tvad and tcwp are in a time scale greater than the
operational delay of the cell.

E. Multi-context Configurability

In this section, the proposed non-volatile SRAM cell is
assessed with respect to the capability to store and operate
under multiple sets of configuration data, as required for
FPGA operation [3]. This is referred to as multi-context
configurability (MCC). MCC is achieved by connecting
parallel 1TIR RRAMs to the same storage node D of a
memory cell (Fig. 23). The two signals CTRL1 and CTRL2 of
a single memory cell are now given by the multiple-bit signals
Control Line (CLi) and Source Line (SLi) for controlling the
operation of the ith RRAM cell.
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Fig. 23. Multiple-context configuration of proposed 7T1R cell.

Simulation has then been performed to find the largest
number of parallel RRAM circuits (denoted by k) for correct
operation of the MCC in Fig. 23. Except for “Power-down”,
the other three operations (“Read”, “Store” and “Restore”)
deteriorate by increasing the number of parallel RRAMs.
Compared to the other two operations, “Restore” is more
affected, because data for “Restore” depends only on each
programmed RRAM and its associated CL (a BL is capable of
driving a large number of cells). Therefore, evaluation of
MCC has been pursued with respect to the four scenarios
shown in Table VII. A value of k=42 has been found for the
first scenario i.e. when 43 1T1R RRAMs are connected, the
storage node D cannot be written back with a “0”. This is
mainly due to the signals used for “Restore”, in which CL1
and SL1 are both “1” (while all other signals are “0”). This
leads to an erroneous operation when the “Power-on”
operation causes a large positive current at node D, thus
flipping the expected restored data. The other three scenarios
are capable of restoring the data back to the 6T memory cell
and a value of k=50 have been found. The above results
demonstrate the capability of the proposed NVSRAM cell to
be very effective under MCC.

VII. CONCLUSION

This paper has presented a novel design of a non-volatile
SRAM (NVSRAM) memory cell that can be used for
“Instant-on” operation, i.e. a non-volatile “Restore” signal is
utilized to clear the volatile data held in the SRAM and
replace it with the data held in the non-volatile storage when a
“Restore” operation on “Power-up” is performed. The
proposed NVSRAM cell utilizes a 6T SRAM core and a
resistive RAM (made of a MOSFET and an Oxide Resistive
element). Hence, the proposed cell isa 7T1R cell.

The proposed 7T1R memory cell achieves a significant
reduction in energy for its operations required for “Instant-on”
operation when compared with other NVSRAM cells found in
the technical literature [1, 3 18]. The asymmetric design of the
proposed cell however requires more energy when the data is
written during normal operation; however its non-volatile
nature saves significant energy dissipation, compared to
“Standby” of a 6T SRAM cell (as caused mostly by leakage).
Furthermore, significant savings in area and the number of
MOSFETs have been accomplished. Although the variability
in process and resistance is slightly increased for the 7T1R

TABLE VII
SIMULATED MCC SCENARIOS FOR PROPOSED 7T1R MEMORY CELL

Memory Cell RRAM 1 All remaining k-1
RRAMs
Programmed 0 0
Stored Data
0 1
1 0
1 1

cell, it is unlikely to have any significant effect on the correct
operation of the proposed NVSRAM. Finally, this paper has
also shown that the proposed NVSRAM cell offers a
significant  capability to implement  multiple-context
configurability, as capable of storing and operating under
multiple sets of configuration data for FPGA operation.
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