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ABSTRACT

This paper presents the design of a non-volatile register file using
cells made of a SRAM and a Programmable Metallization Cell
(PMC). The proposed cell is a symmetric 8T2P (8-transistors,
2PMC) design; it utilizes three control lines to ensure the
correctness in its operations (i.e. Write, Read, Store and Restore).
Simulation results using HSPICE are provided for the cell as well
as the register file array (both one- and two-dimensional schemes).
At cell level, it is shown that the off-state resistance has a limited
effect on the Read time, because in the proposed circuit the
transistor connecting the PMCs to the SRAM is off. While having
no significant effect on the Store time, the time of the Restore
operation depends on the value of the off-state resistance, i.e. an
increase in off-state PMC resistance causes an increase in Restore
time. Comparison between non-volatile register files utilizing
either PMCs, or Phase Change Memories (PCMs) is provided.The
register file using PMCs has a faster Store and Read times than the
PCM-based counterpart; this is mostly caused by the difference in
resistance values for these two non-volatile technologies. The
lower delay involved in these operations confirms that the
proposed PMC-based register file offers significant advantages in
terms of delay performance.
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1. INTRODUCTION

Non-volatile memories (NVMs) have gained considerable attention
due to the requirement of portable storage for many computer
applications such as consumer electronics [1]. In the past, they
have been used as secondary memory for long term persistent
storage; however, technology advances have made possible to have
NVMs operating higher in the memory hierarchy [2].
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A register file is used at the top of the memory hierarchy. It is
usually implemented by fast Static Random Access Memories
(SRAMs); however, SRAMs are volatile circuits [3] and in many
applications, non-volatile storage is required to meet both temporal
and space localities in memory accesses [13]. PMC has been
recently proposed as a candidate for the next-generation of non-
volatile memory due to its simple structure, high resistance ratio,
multilevel capability, low power consumption, favorable
scalability and high operational speed [3]. This manuscript
considers the Programmable Metallization Cell (PMC) (also
referred to as the conducting bridge random access memory,
CBRAM, or eclectrochemical metallization ECM) as non-volatile
memory element; it deals with the design of a register file whose
non-volatile operation is accomplished by using PMCs. The
operations related to the SRAM and the non-volatile elements
within a cell are analyzed in details for different figures of merit
using an 8T2P (8 transistors, 2 PMCs) configuration. The cell
operations are then extended to one- and two-dimensional array
schemes for register-file implementation. Comparison with the
same scheme but employing Phase Change Memories (PCMs) as
non-volatile elements is presented.

2. REVIEW

This section presents a brief review of a register file and PMC as
relevant to the proposed designs.

Register file: In a microprocessor, the memory architecture is
hierarchically organized. On-chip memory is utilized for very fast
access time; cache and register files are two of the most commonly
used on-chip memories [S]. A register file is embedded in the
central processing unit (CPU) and stores both data and mapping
information (such as locations); these locations store specific
addresses for loading programs, or data to meet spatial and
temporal locality requirements [13].The register file is usually
designed as a memory array with the fastest access time in the
hierarchy. In the register file, two memory technologies are often
used. (i) Static random access memory (SRAM): SRAMs are fast,
but they are volatile and each cell requires at least 6 transistors. (ii)
Dynamic random access memory (DRAM): DRAMs requires
refresh and are slower than SRAMs; they require less area due to
the reduced circuit complexity. DRAMs are also volatile. A SRAM
consists of two crossed inverters with two additional transistors for
data control; this configuration is generally known as 6T.

Programmable Metallization Cell: The SRAM is a volatile
memory circuit; different devices and operations (such as Store
and Restore) are commonly used for non-volatile storage. Some of



the non-volatile storage operations are very important when
temporal and space locality considerations are required in a
register file for preserving crucial data at the highest level of the
memory hierarchy [13]. The non-volatile property also permits
continuous storage of data for improved performance. The
Programmable Metallization Cell (PMC) is a non-volatile memory,
whose resistance changes by modifying the biasing voltage across
the cell. The change in resistance occurs by having metallic ions
pass through a solid electrolyte and the subsequent formation and
dissolution of a metallic conductive filament (CF) connecting the
two electrodes [3].The PMC has two states: set (OFF to ON state
transition) and the reset (ON to OFF state transition). The set state
occurs when the positive voltage bias is higher than the positive
threshold voltage; this will cause an electrochemical reaction to
form a conducting link between the top and bottom electrodes such
that ions can tunnel through the cell. Thus, the resistance will
change from R (off state resistance) to R,, (on state resistance),
as a set state. When the negative voltage is biased over the
negative threshold voltage, there is no connection between the
electrodes. Therefore, the resistance changes from R,, to Ry due
to the reset state.

3. CELL DESIGN AND EVALUATION

The proposed cell for a register file is a symmetric circuit; two
PMCs (storing data of opposite values) are utilized. The non-
volatile elements are connected to a SRAM, such that data can be
stored (from SRAM to non-volatile elements), or restored (from
non-volatile elements to SRAM). The PMCs are connected to the
storage nodes (D and DN) of the SRAM in a balanced (symmetric)
scheme, as described in more detail next. This design is referred to
as the shared control cell (Figure 1); the two PMCs are controlled
by a single signal (given by Ctrll). As this is an 8T2P symmetric
cell, hence the times of the Store and Restore operations are the
same for both values (‘0° and ‘1°). The Store and Restore
operations of the 8T2P cell are controlled by adjusting the voltages
at nodes BL, BLN and WL using 3control signals described in
more detail next.

Store Operation: The Store operation is used to transfer the data
from the SRAM to the non-volatile elements (i.e. the two PMCs
are directly connected to D and DN). In this 8T2P cell, the voltage
at node Ctrl2 must be at OV to allow the supply voltage to the
SRAM. The voltage at node WL is high to allow the voltages at
BL and BLN to the SRAM (through transistors M5 and M6).
Moreover, Ctrl0 is high to allow the voltages at Ctrllto affect the
PMC:s. Ctrll must be biased to change both PMCs, so the signal on
Ctrll is (with a full swing from OV to Vy4) reduces the Store time
and allows only one PMC to ‘1’ (thus forcing the other node of the
SRAM to become ‘0’ in a shorter time). The values of BL and
BLN depend on the desired value to be stored.

Restore Operation: The Restore operation occurs when either the
supply is restored and/or the data from the non-volatile element(s)
is written to the SRAM. Instability in the final step (i.e. the voltage
at the storage node D could be close to the voltage at node DN)
must be avoided; this is accomplished by having BL, BLN and WL
high. Moreover, a PMOS is used to connect or disconnect the
supply voltage from the circuit by utilizing Ctrl2; also, Ctrl0 is low
to isolate both PMCs from the SRAM. When the voltages at D and
DN are close (at a time referred in this paper as the switching
restore time, or SRT), Ctrl2 connects the supply voltage to the cell
and Ctrl0 allows the voltages at Ctrll to the PMCs and restore the
data.
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Figure 1. Shared control cell (8T2P)

Next, the proposed cell is evaluated with respect to its operations.
For the Read and Write operations, only the SRAM is involved;
due to lack of space these operations are not treated furthermore.

The two operations (Store and Restore) dealing with non-volatile
storage are discussed in more detail next (the same process is
applicable to both ‘0’ and ‘1’ for the value at nodes D and DN due
to the symmetric nature of the proposed cell). Simulation is
performed at 32-nm feature size using the Predictive Technology
Model (PTM) [9] under the conditions of the parameters shown in
Table 1. M7 and M8 allow the correct voltage values to the cell,
while control is enforced by Ctrl0, Ctrll and Ctrl2 for the correct
execution of the Store and Restore operations.

Store Operation: The Store operation is used to transfer the data
from the SRAM to the non-volatile elements (i.e. the two PMCs
are directly connected to D and DN). The Store operation requires
a higher voltage than the other operations, because the resistances
of both PMCs are changed by voltage biasing for state switching.
The stored values at the PMCs are connected to D and DN,
therefore the Store operation starts at the same time on both PMCs.
The Store operation is similar to the Write operation for the
SRAM; Ctrl0 and Ctrll are used as control signals to bias the
voltage for storing the desired data in both PMCs. This operation
requires an increase of the bias voltage to 3.5V. Moreover, a
voltage pulse is needed at Ctrll to change the values stored in both
PMCs. The timing diagrams of the relevant signals are shown in
Figure 2.

The Store operation requires the PMCs to change state in a stable
fashion; this process requires more time to change the resistive
states from R, to Rys than Ry to Ry,. As the resistive states of
both PMCs must be changed during this operation, then the
proposed cell requires a square pulse signal as input. Figure 3
shows the relationship between the Store time (for the ‘0’ value)
and the PMC bias voltage in a semi-logarithm plot scale; the Store
time is inversely proportional to the bias voltage, i.e. a smaller bias
voltage causes a larger Store time. However, a larger voltage
implies larger power dissipation too.

Restore Operation: The Restore operation occurs when either the
supply is restored and/or the data from the non-volatile element(s)
is written to the SRAM. For the Restore operation, 0.9V (same as
the supply voltage at 32nm) is used as voltage value to keep a low
power consumption in the circuit. A switching restore time (or
STR) must be allowed to ensure that both D and DN have correct
and stable values (for similar reason as in the Store operation). The
values and corresponding timing diagrams of the proposed cell for
BL, BLN, WL, Ctrl0, Ctrl1, Ctrl2 are given in Figure 4; the STR is
given by 425ps.
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Figure 2. Timing diagram of the Store operation for BL, BLN,
WL, Ctrl0, Ctrll, Ctrl2, V(D) and V(DN).

Table 1. Parameters used in simulation [3]

Parameter Value
Ron (Q) 30.0625k
Roi (Q) 99.9579M
NMOS (nm) | 32
PMOS (nm) | 32
Vaa (V) 0.9
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Figure 3. Store time vs.PMC bias voltage

In Figure 4, the voltages of BL, BLN, WL, and Ctrl2 are ‘1’ for
425ps (i.e. the STR); then these voltages have a value of ‘0’ to
copy the data from the PMCs to the SRAM. The results (Figure 5)
show that the Restore time for the proposed 8T2P cell is 470.73ps.

Consider next the relationship between the cell operations and the
PMC resistance; Figure 6 shows the Read/Write times (for both ‘0’
and ‘1’) of the SRAM when varying the value of the off-state
resistance of the PMC (and keeping the on-state resistance to its
default value as in Table 1).

Figures 6 and 7 show the Store and Restore times (same for ‘0’
and ‘1’) by varying the off-state PMC resistance; while the value
of this resistance has no significant effect on the Store time, the
time of the Restore operation depends on the value of the off-state
resistance. So, an increase in off-state PMC resistance causes an
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increase in Restore time. The simulation results show that the off-
state resistance has a limited effect on the Read time, because the
transistor connecting the PMCs to the SRAM is off.

Static Noise Margin (SNM): The static noise margin (SNM) is
defined as the minimum static voltage capable of change the state
of a memory cell, the SNM is widely used as a stability criterion
[11]. It is well known that the presence of additional hardware
(such as a non-volatile element) causes a reduction in the SNM
[12]; simulation has found that the SNM for the proposed design is
0.22843V (the 6T (volatile) SRAM has a SNM of 0.2581V). This
corresponds to a 15% reduction; this small reduction is due to the
utilization of the two control signals Ctr0 and Ctrl in the operation
of the proposed cell.

Power Dissipation: Power dissipation and the power delay product
(PDP) are also important metrics in the operations of the cell; the
results are shown in Table 2.

Table 2. Power dissipation and PDP of proposed cell

Operation Power PDP
Dissipation (fWs)

Write 45.405uW 1.106
Read 17.232uW 0.132
Store 46.98mW 185.631
Restore 96.061uW 44.711

As the proposed cell is a symmetric scheme, there is no difference
in operation due to the data values; Table 2 shows that only Store
incurs in a substantial power dissipation (and corresponding higher
PDP); this is caused by the higher voltage level required for
writing to the non-volatile elements. However, operationally
critical data is preserved in the SRAMs by evoking a Store
operation only in occasional cases [14]. Usually high performance
computing utilizes very often the non-volatile Restore by which
the data stored in the non-volatile elements is loaded into the
SRAM, so avoiding data search in the lower memory levels (and
incurring in longer latency delays).
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Figure 4. Timing diagram of the Restore operation for BL,
BLN, WL, Ctrl0, Ctrll, and Ctrl2.
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Figure 6. Read and write times vs. off-state PMC resistance.

4. REGISTER FILE EVALUATION

In this paper, the register file is designed as consisting of cells
arranged in one-dimensional (1-D) and two dimensional (2-D)
schemes.

One-Dimensional (1-D) Array: In the 1-D configuration, all
register files are connected to common BL and BLN; moreover,
simulation considers only one cell of the array to be selected (all
other N-1 cells ari}eft unselected).
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As shown in Figure 8, a larger array size causes more parasitic
capacitance resulting in a longer delay for the Read operation.

Simulation has confirmed that N has no significant effect on the
Write, Store and Restore times, i.e. nearly constant values. These
results confirm that the parasitic capacitance has hardly any effect
on the Write, Store and Restore operations due to the bias voltage
at BL and BLN, i.e. only the Read operation (Figure 8) shows a
dependency on N.
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Power dissipation of the operations of the proposed cell increases
at a larger array size (Figures 9 and 10). The Store operation incurs
in the highest power dissipation (Figure 9) due to the larger bias
voltage. The power dissipation of the Write, Read and Restore
operations are shown in Figure 10; all these operations show a
dependency of power dissipation on N. The SRAM operations
(Read and Write) show the largest increases (the pre-charging
process required for the Read operation is the cause of the largest
dissipation when N is increased).

Two-Dimensional (2-D) Array: A register file is usually
implemented as a two-dimensional (2-D) array of dimension N; it
is assumed that only one cell (the so-called center cell) is selected,
all other cells are unselected. By varying the dimension of the 2-D
array, simulation shows that the Write, Store and Restore times are
only marginally affected because the bias voltages on BL and BLN
are sufficiently high to overcome the parasitic capacitance; BL and
BLN in the Read operation are not biased, so the effect of the
parasitic capacitance makes the Read time longer at a larger array
size (Figure 11).

234

Write

= - [y
= in =

Power Dissipation {(mW)

=
i

0

1

[¥]
.
]

16 32 64

N

Figure 10. Power dissipation for Write, Read, and Restore
operations vs. dimension N

60

Operation Time (ps)
B s & %

s

2 4 g 16 32
N

Figure 11. Read time vs. N for 2-D array



The Restore operation for a larger array size requires a longer time
in the first step (due to the larger parasitic capacitances at the bit
and word lines); a value of 500ps is found by simulation and used
as STR, this corresponds to an increase of 75ps from the single cell
case (i.e. nearly 15%).
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When considering power dissipation, a larger memory size causes
a power dissipation higher than for example the 1-D array. The
result for the Store operation of a 2-D array is shown in Figure 12;
its trend is similar to the Store operation of a 1-D array. The power
dissipation for the three other operations is shown in Figure 13.

5. COMPARATIVE EVALUATION

In this Section, the technology of the resistive non-volatile
elements is changed and the corresponding register files are
assessed. A PCM (phase change memory) element is also
considered [6]. This comparison is performed using the parameters
of Table 1; in particular the supply voltage is 0.9V (for the Read,
Write and Restore operations) and a Store operation requires 3.5 V

as bias voltage.
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except for the Write and Restore). A state change in a PCM incurs
in a more substantial delay than a PMC, especially for a Store
operation (nearly two orders of dimensions); this occurs because
the PCM requires a rather long time [6] to change the material
structure of the GST compound (and hence its resistivity). The
increase in W/L is needed for achieving the required bias voltage
for the Store operation in a PCM-based cell.

Next, consider the 2-D level comparison for the register file;
results are obtained for square register files of dimension 16 and
32. The results in Figure 14 show the Write and Read times for the
PMC and PCM-based register files. These results show that the
Write time is not significantly affected by the resistive element
type and N; the Read time however, increases at a higher value of
N and is substantially larger in a PCM-based register file.

Figures 15 and 16 show the Store and Restore times of the PMC-
and PCM-based register files when N is 16 and 32. The increase in
array size does not significantly affect the Store or Restore
operations. Figure 15 shows the benefit of storing data into a PMC
(rather than a PCM) due to the order of magnitude time difference
between these non-volatile technologies. Figure 16 shows that the
reverse (i.e. for a Restore operation), the register file made of
PCM-based cells is significantly better than the PMC counterpart.
This occurs due to the resistances at the on-/off- states for these
technologies, a smaller resistance causes a faster Restore time due
to the larger voltage across the cell.
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A MOSFET has a standard P/N width ratio of 2.5 (as used
throughout the previous sections), so the W/L ratio must be
increased to at least 9 to ensure that a PCM can perform a Store
operation. The simulation results for the register file cells made of
these two technologies are shown in Table 3 (bold entries denote
the best values); the delay is the same for the ‘0’ and ‘1’ data
values due to symmetry in the cell.

Table 3. Operation delays of PMC and PCM cells when
W=9L, P/N ratio = 2.5

Operation PMC Cell | PCM Cell
Write 26.16ps 25.84ps
Read 8.07ps 9.276ps
Store 3.951ps 287.10ns

Restore 470.73ps 296.84ps

Note that a 6T (non-volatile) SRAM cell incurs in delays of
24.583ps, and 6.8618ps for the Read and Write operations,
respectively; so a penalty is incurred for the presence of non-
volatile elements in a register-file cell. Table 3 shows that a PCM-
based cell has worse performance in two out of four operations (so
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6. CONCLUSION

This paper has presented the design and evaluation of a non-
volatile register file; the cell in the register file consists of a SRAM
and a Programmable Metallization Cell (PMC) in a symmetric
8T2P (8-transistors, 2PMC) design. Three control lines are utilized
in the proposed cell to ensure the correctness in its four operations
(i.e. Write, Read, Store and Restore. Simulation results using
HSPICE have been provided for the cell as well as the register file
array (both one- and two-dimensional schemes). Comparison in
operation times between non-volatile register files utilizing either
PMCs, or Phase Change Memories (PCMs) have also been
assessed. Table 4 shows the ranking of these register files. The
following features are evident. (i) The register file using PMCs has
a faster Store and Read times than the PCM-based counterpart; this
is mostly caused by the difference in resistance values for these
two non-volatile technologies and the delay involved in these
operations [6]. (ii) The Write and Restore times are better for a
PCM-based register file; as these operations are not as frequent as
the others at the highest level of a (non-volatile) memory hierarchy
[2], then the proposed PMC-based register file offers significant
advantages in terms of delay performance.

Table 4. Ranking of PMC- and PCM-based register files

Operation PMC PCM
Write time 2 1
Read time 1 2
Store time 1 2
Restore time 2 1
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