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ABSTRACT We present a framework for design technology co-optimization (DTCO) of the main memory
system with one transistor-one capacitor (1T1C) ferroelectric random access memory (FERAM) as an alter-
native to dynamic random access memory (DRAM). We start with the ferroelectric capacitor device model
and perform array-level memory circuit simulation. Then, we map the circuit-level metrics to system-level
simulators to analyze the performance enhancement of using FERAM as a main memory. We demonstrate
the performance boost and power savings that can be achieved at the system level by improving individual
device characteristics and modifying circuit architecture. We have estimated that on average more than
14% improvement in instruction per cycle and 21% reduction in energy consumption can be achieved by
substituting DRAM with FERAM equipped with a ferroelectric capacitor having an optimal polarization
switching voltage of 1.5 V.

INDEX TERMS Dynamic random access memory (DRAM), ferroelectric memory, ferroelectric random
access memory (FERAM), memory circuit, memory circuit benchmarking, nonvolatile memory.

I. INTRODUCTION

FERROELECTRIC memory devices have emerged as
a promising memory technology, garnering significant

attention from researchers due to their nonvolatile nature and
energy-efficient switching characteristics [1]. Specifically
with the discovery of ferroelectricity in hafnium oxide, fer-
roelectrics have once again become a focal point of research,
particularly because of the compatibility with CMOS tech-
nology [2], [3], [4]. In contrast to earlier use of ferroelectric
random access memory (FERAM) technology that was lim-
ited to niche applications [5], hafnium zirconium oxide
or Hf1−xZrxO2 (HZO)-based ferroelectric devices are now
being explored for potential applications in embedded mem-
ories as the last level of cache [6], as an alternative to dynamic
random access memory (DRAM) [7], in conjunction with
DRAM [8], and storage class memory [9].
To materialize the milestone of implementing ferroelectric

devices as the next generation memory, it is imperative to

pay attention at different levels of abstraction encompass-
ing the understanding of device physics [10], fabrication
process formulation [11], development of device models
[12], [13], and the exploration of circuit architectures
[14], [15]. From amaterials perspective, HZO has emerged as
a top candidate for ferroelectric material due to its exceptional
compatibility with the Si CMOS technology [16], setting it
apart from alternatives, such as BTO [17], PZT [18], and
BFO [19]. Various kinds of ferroelectric memory technolo-
gies, such as ferroelectric tunnel junctions [20], FERAM
[21], [22], and ferroelectric field-effect transistors [23],
employ distinct approaches to leverage the ferroelectric prop-
erties and serve as memory devices. Among all these options,
FERAM stands out as the most promising choice due to its
high endurance [24], low-voltage operation [25], less vari-
ability [26], and structural simplicity.
The suitable position of a particular memory technology in

the memory system hierarchy is determined by its read/write
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latency, energy consumption, density, and cost. Unlike other
emerging memory technologies (such as STT-MRAM [27],
PCM [28], and RRAM [29]), one transistor-one capacitor
(1T1C) FERAM shares a similar memory cell architecture
and circuit layout with DRAM, utilizing the same 1T1C
structure. Consequently, FERAM can seamlessly replace
DRAM without necessitating any new protocols. So, the
global system-level macroarchitecture organization does not
need to be modified, which we see as an important advantage.
Hence, in this article, we will focus on the design technology
co-optimization (DTCO)-level changes and exploration. This
includes especially the microarchitecture, circuit- and device-
level cross-layer design exploration. In addition, as process
technology continues to advance, ferroelectric capacitors
show promise in reducing their read/write voltage require-
ments, enabling low-voltage operation [30]. Moreover, when
compared to DRAM, FERAM offers distinct advantages due
to its nonvolatile nature, eliminating the need for periodic
refreshing. Besides, nonvolatility helps FERAM to be used
in computing environment with intermittent power supply in
applications, such as edge computing [31], [32]. Furthermore,
in DRAM, bit lines are always required to be precharged
to (VDD/2) to prevent charge leakage from the capacitor.
This precharging operation consumes extra energy, which
can be saved by using FERAM. All these properties per-
taining to device and circuit levels exert influence on the
overall performance of the system. Nevertheless, the existing
research has predominantly focused on individual abstraction
levels, particularly in the examination of FERAM at the
levels of individual devices and circuits [33], [34]. Limited
research has been conducted on DTCO of FERAM [34],
[35] compared to other competitive technologies [36],
[37], [38]. In both [34] and [35], diminished system-level per-
formance has been observed when replacing DRAMwith the
existing technology of FERAM, primarily attributed to the
higher access latency of FERAM. However, analyzing results
solely at an isolated abstraction level poses challenges in
reaching conclusive insights regarding the potential impacts
on other layers. Considering all these factors, it is crucial
to evaluate the potential improvements at the system-level
performance that could arise from the substitution of DRAM
with FERAM, encompassing all abstraction levels from the
device to the system.

The main contributions of this article are listed as follows.
1) A comprehensive DTCO of FERAM spanning from the

device to the system level has been conducted.
2) A framework to assess the performance of mem-

ory system with 1T1C FERAM and compare it with
DRAM-based systems has been formulated.

3) Demonstrated the impact of reducing polarization
switching voltage; hence, the impact of the read/write
voltage on the system-level performance.

4) Optimized the ferroelectric capacitor device model and
showcased the voltage range that, when utilized in
memory circuits, dissipates less power as compared to
DRAM.

5) Highlighted the path of reducing the read/write latency
and subsequently enhancing system speed by modify-
ing the memory block architecture.

This article is organized as follows. In Section II,
we explain the formulation of device models for ferroelectric
capacitors. Then, in Section III, we describe the FERAM
circuit architecture, read/write scheme, memory cell layout,
and circuit-level simulation results. Finally, in Section IV,
we show the work flow of our system-level simulation and
mapping of the circuit-level results to the system-level simu-
lators and the system-level results. Section V summarizes the
conclusion.

II. BACKGROUND ON FERROELECTRIC CAPACITOR
MODEL
The HZO ferroelectric capacitor (9.9 nm thick, 200× 200 nm
footprint) considered for circuit simulations has been mod-
eled with multidomain Preisach-based approach [39] and
calibrated with the experimental data from IMEC. The circuit
model for each device consists of 100 ferroelectric domains
with individual domain switching time of τ = 5 ns. In this
model, if the applied electric field Efe > E+

c,i (positive
coercive electric field of the ith ferroelectric domain) or
Efe < E−

c,i (negative coercive electric field of the ith ferro-
electric domain), then the fractional change of polarization of
that individual domain within a duration of time 1t is δPi =

±(1t)/τe−(1t)/τ , where τ is individual domain switching
time. Then, the polarization value of ith domain at any time
t + 1t becomes Pi,t + δPi. The polarization value of each
domain Pi is capped at ±1. Next, the overall polarization of
ferroelectric capacitor at any time t is calculated as Pt =

Pr × (6Pi,t )/N , where Pr is the remanent polarization and N
is the total number of ferroelectric domains. Finally, the dis-
placement current of the ferroelectric capacitor is calculated
as follows:

I =
d
dt

(Pt + ϵ0ϵfeEfe)A (1)

where A is the area and ϵfe = 35 is the background dielec-
tric permittivity of the ferroelectric capacitor. A bivariate
Cauchy–Lorentz distribution has been considered for coer-
cive electric field of ferroelectric [39], [40]. The mean value
and standard deviation of coercive field distribution have
been calibrated with experimental data to get the original
model shown in Fig. 1(a). The original model is based on
experimental data and requires −2.5 V to fully switch polar-
ization to a negative state. It has been shown that there are
multiple pathways to reduce the coercive voltage/polarization
switching voltage of HZO keeping the remanent polarization
same by stress-induced crystallization [41] and thickness
scaling [25].Therefore, to analyze system-level performance,
we set two other target polarization switching voltages of
−2.0 and −1.5 V. To decrease the polarization switching
voltage below −2.0 V, we adjust the parameters of the
coercive field distribution accordingly, which gives us the
modified model 1 (MM1). Next, we further modify those
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TABLE 1. Ferroelectric capacitor models.

FIGURE 1. (a) Device models used in circuit simulation.
(b) Sample distribution of coercive electric field.

parameters to achieve the target polarization switching volt-
age of −1.5 V, which provides us with the modified model 2
(MM2). The parameters of the coercive field distribution used
in three different models are shown in Table 1.

III. ARRAY-LEVEL MEMORY CIRCUIT SIMULATIONS
The structure of a single memory cell of 1T1C FERAM
is similar to that of DRAM [Fig. 2(a)]. A conventional
DRAM cell consists of a single access transistor and a storage
capacitor that together store one bit of information. Theword-
line (WL) controls the access transistor, which connects the
capacitor to the bitline (BL) during read and write operations.
To write data, a voltage corresponding to the desired logic
state is applied to the BL while the WL is activated, charging
or discharging the capacitor. During a read operation, the
stored charge is shared with the BL, creating a small voltage
deviation that is detected by sense amplifiers to determine
the stored bit. Since the read process is destructive, the
original charge must be restored immediately after sensing.
Moreover, due to charge leakage from the storage capacitor,
DRAM cells require periodic refresh cycles to preserve data
integrity. In contrast, a FERAM cell also employs an access
transistor but replaces the conventional capacitor with a fer-
roelectric capacitor. The WL activates the access transistor,
while the BL and plate line (PL) are used to read or write
the polarization state of the ferroelectric capacitor. Owing to

FIGURE 2. (a) Schematic of single memory cell. (b) Layout of
memory cell.

the nonvolatile nature of ferroelectric polarization, FERAM
does not require periodic refresh operations. The state-of-
the-art DRAM circuits are designed with proprietary 28-nm
HKMG technology PDK, which are not publicly available.
Hence, here we have used the closest available 28-nm TSMC
Si-CMOS PDK for our peripheral circuitry. We have drawn
the layout, as shown in Fig. 2(b), and extracted the par-
asitic resistance and capacitance of the memory cells and
interconnects.

A. READ/WRITE SCHEME
For writing positive polarization state (‘‘1’’) to the memory
cell, we apply a positive electric field across the ferroelectric
capacitor by raising the BL to write voltage and keeping
PL grounded. Alternatively, for writing negative polarization
state (‘‘0’’), we raise the PL to write voltage and keep the
BL grounded. In both cases, the word line is overdriven by
0.3 V above the write voltage to ensure the access transistor
has switched on completely. Now, to write a random word
of ‘‘10110 . . .’’ to any particular row of the memory block
in a single write cycle, we have followed the write scheme,
as shown in Fig. 3 [42]. During the second half of the write
duration, PL is always raised, and depending on whether
we are writing ‘‘1’’ or ‘‘0’’ to that cell, we either make
the corresponding BL high or keep it grounded for the full
duration. As a result, during the first half of the time period,
there is positive electric field across the ferroelectric capacitor
while writing ‘‘1’’ and positive polarization is written at that
time. Alternatively, while writing ‘‘0,’’ in the second half
period, there is negative electric field across the ferroelectric
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FIGURE 3. Write/read scheme of memory cells.

capacitor and negative polarization is written at that time.
Here, the latency for full switching is considered as the time
it takes for the polarization to switch to 90% of its final
value from the opposite state after applying the voltage pulse.
So, the total write latency of the memory array = switching
latency of −P → +P + switching latency of +P → −P,
as shown in Fig. 3.

Although there is a recent very promising demonstration
of nondestructive read scheme for ferroelectric capacitive
memories [43], the technology is still under development.
Hence, we follow the traditional destructive process to read
the saved data (Fig. 3). In this process, we first precharge the
bit lines to zero voltage. Then, we turn on the access transistor
and apply a voltage pulse to PL with an intention to switch
the saved polarization state. Now, if the saved polarization
state was positive, the polarization state begins to flip and
it generates a higher voltage on the BL. Alternatively, if the
saved polarization state was negative, it remains as it was and
a smaller voltage is generated at the BL.We consider the time
required to generate a sense margin of 100 mV as the read
latency. Finally, with the help of sense amplifiers, we differ-
entiate between the generated BL voltages and read the data.
Now, since the reading process is destructive, we need towrite
back the data if the stored polarization state was positive.
So, the overall delay for the read/writeback latency is the
summation of the BL precharge delay, the read latency, and
the latency to set the cell state to the positive polarization state
(write back).

B. CIRCUIT ARCHITECTURE
The circuit architecture for memory array used in the sim-
ulation is shown in Fig. 4. In the memory array, the word
and PLs are shared among the memory cells in a row. The
BL runs perpendicular to the word line and connects to the
sense amplifiers. Each row contains a pair of memory cells
used as a reference voltage generator, one of which is tied
to the positive polarization state (‘‘1’’) and another to the
negative polarization state (‘‘0’’). During the read opera-
tion, they will generate a reference voltage, which is at the
midlevel of the BL voltages generated by the saved positive
and negative polarization states [42]. Without delving into
further circuit-level details, we provide here a higher level
overview; a comprehensive circuit-level analysis of FERAM

FIGURE 4. Word line parallel to PL circuit architecture used in
simulations.

can be found in [44]. We consider four cases of circuit sim-
ulation scheme, as described in Table 2. To match with the
DRAM specifications for page size in JEDEC guideline [45],
we first considered 8192 memory cells in every row of the
memory bank in Case 1, but due to this large number of
memory cells in a row, the parasitic capacitances of the word
and PLs become too large, which results in an excessively
large read/write latency. To decrease the read/write latency,
in Case 2, we divide the memory bank into eight subbanks
running in parallel with a minimal increase (∼1.53%, mostly
due to additional reference cells and WL, PL drivers) in
layout area compared to Case 1. This novel approach keeps
the page size the same as Case 1 since the subbanks are
used in parallel while reducing the parasitics associated with
the word and PLs in each subbank. We can see the drop
in latency, as shown Table 2. As will be shown in the next
section, though the latency has decreased in Case 2, the
energy consumption at the system level is still high compared
to DRAM. To reduce the energy consumption, we look at the
two modified ferroelectric capacitor models MM1 and MM2
with lower polarization switching voltages in Cases 3 and 4,
respectively. Besides, since the polarization switching voltage
is 1.5 V in case 4, we have used the access transistor model
with a 1.8-V nominal voltage from the TSMC 28-nm process
node, whereas in the first three cases, we have used an access
transistor model with 2.5 − V nominal voltage. The results
from the circuit-level simulations are summarized in Table 2.
In Cases 2–4, almost the same polarization dynamics are
followed while switching from−P to+P state with gradually
lower read/write voltages as evident from Fig. 1(a). As a
result, in these cases, a gradual increase in write ‘‘1’’ latency
and writeback to ‘‘1’’ latency is observed. Consequently,
there is a gradual increment in both ‘‘total write latency’’
and ‘‘read + writeback latency,’’ as shown in Table 2.
On the other hand, the read/write energy consumption per
bit in Cases 2–4 gradually decreases due to lower read/write
voltages.
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TABLE 2. Circuit simulation schemes and results.

TABLE 3. System specification.

IV. WORKLOAD-DEPENDENT DTCO ANALYSIS
A. EXPERIMENTAL SETUP
After performing circuit-level simulations, we consider two
representative systems shown in Table 3 to compare the per-
formance at the system level. Keeping all other specifications
the same, the DRAM of System 1 is replaced by FERAM in
System 2. Each 16-MB chip comprises four bank groups with
each containing fourmemory banks. In systems incorporating
either DRAM or Case 1 of FERAM, each memory bank has
1024 rows, with each row containing 8192 memory cells. For
Cases 2–4 with FERAM, every bank is subdivided into eight
subbanks, each comprising 1024 rows and 1024 memory
cells per row. Notably, in Cases 2–4, there is no need for
separate addressing of individual subbank due to their parallel
access. We consider a sufficiently long CPU instruction trace
produced by merging multiple traces from SPEC 2006 [46]
to evaluate the system-level performance. To evaluate the
execution time of the instruction trace, we use Ramulator,
which is a standard DRAM simulator [47]. It emulates the
behavior of a processor and can generate memory requests to
be sent to the DRAM when a CPU instruction trace is given.
We can obtain the number of instructions executed per CPU
cycle (IPC) as an output from Ramulator. A faster system is
indicated by higher IPC. The Ramulator also has a memory
controller unit, which can generate internal memory access
cycle commands. After extracting these memory access cycle
commands from Ramulator, we use them in DRAMpower
tool [48] to estimate the energy and power consumed by the

FIGURE 5. System-level benchmarking workflow.

memory to execute the CPU instruction. The simulation flow
for system-level evaluation is shown in Fig. 5.

B. METHODOLOGY
We follow the DDR4 protocol [45] and map the circuit-level
timing and energy metrics to the system-level interface for
all the four cases with FERAM (Tables 4 and 5). The values
for DRAM-based system are taken from [49]. Here, NRCD
is the delay between the activate command and internal
read/write command in the memory chip. While reading,
charge sharing to bit lines happens within NRCD clock cycles,
and after that, internal read command is issued [50]. The
internal read command starts to send the data toward out-
put I/O buffers. In DRAM, a separate precharge command
(NRP duration of precharge command) is issued after every
read/write command to precharge the BLs to (VDD/2) to min-
imize charge leakage. Whereas FERAM being nonvolatile,
we do not need this precharge operation, but in FERAM,
we need to precharge the BLs to zero voltage before any
read operation. We take into account the delay and energy
consumption due to this precharging within the read cycle
in the case of FERAM. To ignore the precharge command
issued after read/write operation and make its energy con-
sumption zero, we put NRP = 0. Hence, in our framework
for FERAM, NRCD = fCLK × (BL precharge delay + read
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TABLE 4. Parameters for Ramulator.

TABLE 5. Parameters for DRAMpower tool.

latency), where fCLK is thememory clock frequency. The total
read+writeback command duration isNRAS =Max(NRCD+

fCLK × writeback latency, NRCD +NCL +NBL). Here, NCL is
the latency to arrive the data at output buffer and NBL is the
duration of data burst. We keep the values of NCL and NBL
the same as those in the DRAM technology.

While writing, an internal write command is issued after
NRCD clock cycles of activate command and data starts to be
written [50]. So, total write cycle duration is NRCD + NWR,
whereNWR is the write recovery time in clock cycles. We cal-
culate the average read current IDD4R and write current
IDD4W to be used by DRAMpower tool using the following
equations:

Write power per bit

= fCLK ·
Write energy per bit

NRCD + NWR
(2)

Read + writeback power per bit

= fCLK ·
Read + writeback energy per bit

NRAS
(3)

IDD4W

= Number of bits written in a cycle

×

(
Write power per bit − WL power per bit

VDD1

+
WL power per bit

VDD2

)
+ IDD3N (4)

IDD4R

= Number of bits read in a cycle

×

(
Read + writeback power per bit−WL power per bit

VDD1

+
WL power per bit

VDD2

)
+ IDD3N. (5)

Here, IDD3N is the measured background current that is
consumed by the memory chip when clock enable signal of
DRAM chip is high and any memory bank is in the active
mode. Since it is difficult to estimate this current without
measuring the actual hardware memory chip, in our simu-
lations, we kept IDD3N = 37 mA the same as the DRAM
technology in all cases [51]. The IDD51 and IDD61 currents
are related to refresh currents. For FERAM, we put them
to zero because FERAM being nonvolatile does not require
refresh operations. For the same reason, in FERAM cases,
we put NRFC to a very low value, which is the duration of
refresh command, andNREFI to a very high value, which is the
interval between successive refresh commands. Following the
above novel procedure, we can map the circuit-level metrics
to system-level simulators, which can be applicable for other
emerging memory technologies also.

C. RESULTS AND DISCUSSION
The results obtained from the FERAM-based system-level
simulation are normalized with respect to that of DRAM
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TABLE 6. Summery of system-level results with FERAM compared to DRAM-based system.

FIGURE 6. System-level simulation results with FERAM
normalized with respect to DRAM. (a) IPC, energy, and power.
(b) Energy-delay product.

and presented in Fig. 6 and Table 6. For Case 1, we see
the performance of the FERAM-based system has a lower
IPC and a higher energy/power consumption than the DRAM
system. The reason behind a lower IPC is the larger parasitics
in the circuit causing slower read/write speed in FERAM
memory arrays. Besides, due to higher parasitics of the inter-
connects, raising the worldline, PL, and BL voltages to VDD
requires more energy. When we divide our memory block
into eight subbanks (cases 2–4), it reduces the parasitics and
read/write latency of the memory array, thereby increasing
IPC. Since in Cases 2–4 the mapped values of read/write
latency are almost the same (Table 4), the IPC in all these
cases is also similar.We observed around 14% increase in IPC
in all these cases. On the other hand, the energy consump-
tion has decreased as we move from Cases 2–4. In Case 2,
the latency of the read/write cycle has decreased signifi-
cantly. As a result, though the energy consumption is less,
we observe an increase in power consumption. In Cases 3
and 4, the reduction in energy and power is mainly due to
the reduction in the polarization switching voltage; hence,
lower read/write voltages. Finally, in Case 4, when we use
our modified ferroelectric capacitor model (MM2) with a
polarization switching voltage of 1.5 V, we have observed
a 21.3% reduction in energy consumption, 10.1% decrease
in power consumption, and 31.1% decrease in energy-delay
product compared to DRAM-based system. We believe that
these results substantiate our main claims in a quantitative
way. So, it shows that the novel DTCO methodology enables

clear power and performance gains of using 1T1C FERAM
as a main memory.

V. CONCLUSION
In this article, we have devised a structured route from device
to system level to analyze the performance of a memory
system with FERAM replacing the DRAM. We have demon-
strated that if the 2.5 V polarization switching voltage of
the ferroelectric capacitor can be lowered to 1.5 V, we can
reduce the energy consumption of the memory system by
21.3% compared to a DRAM one. On the other hand, the
speed of the instruction execution in FERAM-based system
can be increased by more than 14% by reducing the par-
asitics through dividing the individual memory block into
eight parallelly accessible subbanks with minimal increase
in layout area and complexity of peripheral circuitry. The
proposed framework can also be employed for estimating the
anticipated advantage from other emerging memory device
technology-based systems.
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