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Abstract— Bitwise logic-in-memory (BLiM) is a promising
approach to efficient computing in data-intensive applications by
reducing data movement between memory and processing units.
However, existing BLiM techniques have challenges towards
higher energy efficiency and speed: (i) DC power in computing
and result sensing is significant in most existing RRAM and
MRAM based BLiM solutions; (ii) before the computation result
could be stored back to the same memory array, existing BLiM
has to sense the result first, at the cost of extra power and latency
due to the sense amplifiers (SAs). Targeting at higher energy
efficiency and speed, this work proposes a new BLiM approach
in 2-transistor/ cell (2T/C) and 3T/C topologies based on fer-
roelectric field-effect transistors (FeFETs), supporting a variety
of computing functions. For the first time, this new approach
supports SA-free direct write-back, and consumes no static
power for computing and sensing with proposed fully dynamic
computing and sensing schemes. Another highlight is that this
work further minimizes the dynamic power by (i) reducing the
chance of bitline charging activities and (ii) recycling the bitline
charge in sensing multi-operand operations. Compared with prior
BLiM methods based on nonvolatile memories, evaluation shows
3.0x–100x latency and 1.3x–200x energy improvement for typical
in-memory XOR operation, which further leads to 3.0x–58x and
3.2x–78x savings of latency and energy, respectively, for the
application of advanced-encryption standard (AES).
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I. INTRODUCTION

THE “memory wall” problem has become the performance
bottleneck of the conventional Von Neumann architec-

tures in data-intensive applications [1]. The separated com-
puting units and memories, along with limited memory bus
bandwidth, cause high latency and energy consumption. One
promising approach is computing-in-memory (CiM), which
may break the memory access barrier and improve the sys-
tem performance with reduced data transfer activities and
increased processing parallelism [2], [3], [4], [5], [6], [7], [8],
[9]. As a subset of CiM, bitwise logic-in-memory (BLiM)
has wide applications, e.g., database, encryption, and image
processing.

BLiM techniques have been proposed in various types of
memories, including SRAM [3], DRAM [10], and emerg-
ing nonvolatile memories (NVMs) [4], [5], [6], [7], [8],
[9]. NVMs, such as RRAM [4], [5], STT-MRAM [6], [7],
[8], and PCM [9], exhibit appealing characteristics includ-
ing higher density and non-volatility for BLiM, when com-
pared with CMOS-only implementations. Among existing
NVM technologies, the emerging ferroelectric FETs (FeFETs)
have attracted increasing attention in low-power system
designs, because FeFETs exhibit DC-power-free write capabil-
ity, an ultra-high ON/OFF ratio, and excellent CMOS-process
compatibility. Several pioneering FeFET-based memory-logic-
synergy works make use of the FeFET device advantages [11],
[12], [13], [14], [15], [16]. However, these designs still suffer
from high-power sensing complexity and power [11], [15],
[16], low generality [12], or non-array access [13]. To achieve
lower power, latency, and complexity, this work re-thinks
BLiM from a few new perspectives:

First, SA-free direct write-back capability. The computing
results generated on the bitlines are often needed to be stored
to the same memory array. Prior BLiM works usually rely
on a complex CiM interface to convert the analog computing
results to digital bits, and then apply a subsequent write-
back. As the energy and latency costs of such a sense-then-
write-back operation are usually high, there is a fundamental
question: is there a direct-write-back BLiM paradigm without
the costly sensing and write-back driving? The question is well
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addressed in this paper by a proposed direct-write-back design
without bitline sensing and driving. It is achieved by reusing
the remnant bitline charge with a tactical wordline control.

Second, DC-free dynamic peripherals. Existing BLiM
works rely heavily on the operations in the current domain
[11]. The direct compute and sense currents along with
one or more current references increase the total energy
consumption significantly. In contrast, this work targets at
ultra-low-power BLiM in the voltage-charge domain without
consuming DC power. Furthermore, as now bitline capacitance
charging consumes most power, this paper further pursues
bitline charge saving and reusing techniques for even higher
energy efficiency.

Third, support for multi-operand operations. There are com-
puting scenarios with multiple input operands, such as encryp-
tion algorithms and Hamming coding. Prior works limited by
large device variations during current-mode sensing usually
break the computing into several 2-input tasks, resulting in
extra overheads. In this work, the proposed BLiM operations
could practically support over 3 activated inputs. It is achieved
by a proposed capacitive coupling peripheral circuitry that
exploits the FeFET unique ultra-high ON/OFF ratio.

In summary, this work on low-power FeFET-based BLiM
has the following highlighted features:

• BLiM architecture with both 2T/C and 3T/C cell design:
A compact DC-power-free architecture, including the memory
array, sensing interface and peripherals, is proposed. The 2T/C
design has higher density. The 3T/C design has more flexibility
and higher reliability. Both designs are evaluated.

• Low-power voltage-domain operations: This voltage-
domain computing capability takes advantage of the FeFET
features and achieves lower power than the current domain.
Bitline charging activities are optimized for even lower com-
puting energy.

• Direct write-back scheme: A category of BLiM operations
supporting sensing-free direct write-back is proposed, which
reuses remnant bitline charge and avoids extra driving. For
other operations, a default write-back data path is provided.

• Low-cost interface: The dynamic voltage-mode sense
amplifier (SA) is area-efficient and low-power for standby
and sensing. It also supports multi-variable custom logic and
achieves high energy efficiency with charge reuse.

• Rich functions: A variety of one- or multi-input BLiM
operations are proposed, including basic logic operations
COPY, NOT, (N)AND, (N)IMP, XOR2, etc., and custom logic
multi-input operations (N)OR, XOR, sum of product (SOP),
LUT, etc.

• Evaluation: Functionality verification and performance
benchmarking of the proposed BLiM show significant energy
and latency advantages over prior NVM-based BLiM designs.
The proposed method is also applied to AES as a case
study.

In the rest of this paper, Section II introduces FeFETs and
related CiM progress. Section III presents the proposed BLiM
architectures and circuit details. Sections IV and V present
the BLiM logic operations. Section VI evaluates the designs.
Section VII concludes this work.

II. BACKGROUND

This section introduces the FeFET device basics and recent
efforts in FeFET-based CiM, and highlights the opportunities
and challenges in FeFET-based BLiM.

Fig. 1. FeFET [21]. (a) A FinFET structure; (b) Typical I-V curves.

Fig. 2. FeFET memory cells. (a) a 1T/C design [27]; (b) a 2T/C design
[28]; (c) another 2T/C design [29]; (d) a 3T/C design [29]. BL: bitline; WL:
wordline; SL: select line; RL: read line; WLW: write wordline; WLR: read
wordline; BLW: write bitline; BLR: read bitline.

A. FeFET Device Basics
FeFETs have been proposed as a promising beyond-CMOS

device, which is essentially a MOSFET with a ferroelectric
layer integrated into the gate [17], [18], [19], [20]. Fig. 1(a)
shows the FinFET structure of FeFETs [21]. To achieve ferro-
electricity, doped HfO2 is being actively explored and shows
excellent compatibility with advanced CMOS technologies
[22], [23].

As a nonvolatile device, FeFET stores the data as the polar-
ization of the ferroelectric layer, which tunes the transistor
threshold voltage (VTH). The polarization can be programmed
by applying voltage pulses of a certain amplitude and duration
at the gate [24]. Fig. 1(b) shows typical I-V curves corre-
sponding to different polarizations. With this feature, both
multi-level and single-level memories could be achieved [25].

Compared with other NVM devices such as RRAM, PCM,
and STT-MRAM, FeFET exhibits new opportunities. First,
FeFET provides separate read and write paths. During the
write process, no DC power is consumed as the FeFET gate
acts as a capacitive load, leading to low power compared
to two-terminal resistive NVM devices. Second, FeFET can
achieve an ultra-high ON/OFF ratio, e.g., 106 [26], which pro-
vides better state distinguishability, reduces leakage current,
and enables a friendly scaling to a large array. Besides, this
ON/OFF difference enables energy-efficient voltage-domain
operations with a full swing. Third, FeFET could also work as
a transistor apparently, thereby enabling convenient integrated
logic and memory.

Several FeFET NVM designs have been reported. Some of
them are summarized in Fig. 2. In [27], an ultra-dense AND-
type 1T/C design is proposed. The work in [28] proposes a
crossbar-style 2T/C design. The work in [29] proposes a 2T/C
and a 3T/C design, with balanced write disturbance, power
supply overheads, and power consumption. The designs in [29]
show the opportunity for efficient BLiM cell design, which is
the start point of this work.

B. Existing FeFET-Based CiM Designs
Several FeFET-based memory-logic synergy designs have

been proposed, ranging from application-specific designs to
more general ones that focus on basic logics.

First, ternary content-addressable memory (TCAM) is a
data-driven approach to search operations in the memory
array. Thanks to the three-terminal structure, FeFET-based
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TCAMs achieve ultra-high density compared to other designs
[12], [30].

Second, nonvolatile flip-flop (nvFF) is capable of restoring
the state during a power outage, making it appropriate for
nonvolatile computing in edge devices. Benefiting from low-
power write operations, FeFET-based nvFF designs could save
the backup and restore energy by several orders of magnitude
compared with RRAM-based and MTJ-based nvFF [31], [32],
[33], [34]. Similarly, nonvolatile SRAM [35] is also proposed
to mitigate leakage current by backup and restore operations.

Third, NVMs also show great potential for neural network
(NN) accelerators with a large quantity of MAC operations
and memory accesses. Compact cells with logic functionalities
could be built with FeFETs. Multi-level cells are also promis-
ing to design dense and low-power analog synapses. Prior
FeFET-based NN accelerator designs include hybrid precision
training [36], XNOR cells [37], ternary compute-enabled cells
[38], TCAM arrays [39], compact crossbars [40], 3D-NAND

structures [41], and modifications of devices [42], [43], etc.
Fourth, FeFET is also promising for application-specific

CiM units, including multiplier [44], adder [13], [45], [46],
dynamic logic [13], etc. In these works, FeFETs support both
computing and data storage with simplified structures, thanks
to the CMOS compatibility and the transistor interface.

For general BLiM, prior works explore a wide range of
BLiM functionalities with custom SAs. The work in [11]
presents an FeFET-based 3T/C BLiM design with a mixed-
mode sensing of voltage and current to perform logics includ-
ing (N)AND, X(N)OR and ADD. The work in [15] and [16] is
more flexible, supporting TCAM, BCNN, and CNN accelera-
tion as well as the general BLiM. The work in [14] exploits
double-gate control for efficient access and BLiM operations.

Recently, there are several trends of FeFET-based memory-
logic or memory-computing synergy designs. First, reconfig-
urability is explored at both device level [47] and circuit
level [48]. Second, the back-end-of-line FeFETs for monolithic
3D integration are exploited with nonvolatile router [49]
or in-memory training [50] functionalities. Third, benefitting
from the high on-off ratio of FeFET, charge-domain computing
is introduced achieving high energy efficiency and computing
linearity [51], [52]. Fourth, CiM design and optimization for
specific application scenarios are proposed, e.g., reliable BNN
[53] and attack-defense GNN [54]. In this work, rich logic
functionalities and energy-efficient high-reliability voltage-
domain computing are the main focus.

In general, FeFET-based memory-logic synergy has shown
promise for low-power memory-oriented applications [55].
However, there is still much space to be explored. Dynamic
logic style designs in [13] and [44] suffer from large area.
BLiM in [11], [15], [16], and [45] modifies a standard FeFET
NVM array to support BLiM but needs complicated SA
design, occupies large area, and has a layout fitting issue.
What’s worse, the current sensing mode introduces significant
power consumption [11]. The peripheral in [15] includes
multiple operational amplifiers and logic gates, which limits
the area efficiency and power efficiency. The work in [45]
computes addition without SA, but redundant data storage
mapping brings extra overheads.

Faced with these challenges, it could be well understood
that a new dense BLiM architecture with a fully dynamic
sensing interface and rich computing functions is desired.
Furthermore, after eliminating the static power consumption,

Fig. 3. Proposed FeFET-based BLiM architecture.

is it possible to save the dynamic power by reducing bitline
charging activities? Is it possible to recycle the remnant bitline
charge for further computing? Last and preferably, after a
computing operation, is it possible to write back the computing
results directly to the array without extra SA sensing and
bitline driving? These concerns will be addressed elegantly
in this work.

III. PROPOSED BLIM ARCHITECTURE AND INTERFACE

This section presents the proposed FeFET-based BLiM
architecture, including the overall structure, the sensing and
computing interface, and optional custom logic support.

A. Architecture and Functionality Overview
The proposed FeFET-based BLiM architecture is shown in

Fig. 3. It includes a memory array, row and column decoders
and drivers, a controller, a sensing interface, and optional
peripherals. It supports two types of BLiM computing: Type-I
operations that process all the inputs in parallel without the
need for external logic gates, and Type-II BLiM operations
that support more complex logics or multiple inputs.

The computing operations do not destruct the operand data
unless a subsequent write-back is applied right to the operand
address. Also, as enabled by the structure, the BLiM opera-
tions in each column could be performed with full parallelism.

B. Memory Array
This work adopts single-level per FeFET cell (SLC) to

enable a high noise margin for data storage, sensing, and
driving. As shown in Fig. 3, for the computable array imple-
mentation, we adopt 2-transistor per cell (2T/C) and 3T/C
designs. These two cell structures originate from the cache-
purpose-only memory array in [29], with a read line RL for
reading, a write line WL for writing, and an added horizontal
line HL for computing. Although 2T/C and 3T/C designs
occupy more area than 1T/C, the computing capability is
enhanced with more functionalities, higher reliabilities, and
extra direct write-back support.

C. Dynamic Sensing and Computing Interface
Fig. 4 shows the schematic of the proposed sensing and

computing interface. It includes a switched-capacitor (CC)
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Fig. 4. Schematic of the sensing interface and peripherals.

bias scheme, a latch-type voltage-mode SA, optional custom
logic control, and the write-back interface. SAs provide a
fast-sensing interface for the data interaction with the external,
which is controlled by the sense amplifier enabler signal SAE.
While the operating flow of sensing and computing will be
further explained in detail in Section IV and V, there are a few
highlighted features with optimized area, power and latency:

First, the adopted sensing interface operates entirely within
the voltage domain, which enables fundamentally higher
power efficiency than the prior complicated current-mode SA
in [11].

Second, the interface supports multiple computing tasks
with only one-time bitline precharge by recycling remnant
charge through adaptive CC bias (controlled by switching
signal SW ).

Third, the interface supports optional custom logic for
complex computing such as full adder or other look-up-table
(LUT) computing (see Section IV-I for details).

Last, as mentioned in Sections I-II and to be further shown
in Sections IV-V, for a category of SA-free BLiM computing,
there is no need to use the sensing interface, as the remnant
bitline charge could be used for subsequent write-back directly.

It is also noted that, we have proposed a switched-capacitor-
based dynamic reference generation of SA in our previous
work [56], in which the variation of common-mode voltage
may affect the performance and reliability. This problem is
solved by the proposed input-coupling SA in this work.

D. Optional Custom Logic Support
While in-memory computing may have flexibility limits,

complex logic may benefit from near-memory computing. One
of the goals in this work is to exploit the in-memory logic
computing capability to reduce the near-memory computing
complexity and achieve higher energy efficiency and speed.
We propose a low-complexity peripheral circuit design in
Fig. 4, which supports a range of multi-variable custom logics.

The implementation makes use of the near-memory logic or
LUT. As each column of the memory array has one bitline,
a local storage for intermediate variables is needed. One flip-
flop (FF) and a LUT or custom combinational logic circuit are
added to the peripheral circuit for each column.

To support multiple operands, a multiplexer formed by S1
and S2 selects either the SA output or the previous logic result
as the FF input. Either VSAout+ or VSAout− can be sent to the
external or subsequent computing as the normal or inverted
logic result, respectively. More details and examples will be
provided in Section IV-I.

IV. PROPOSED 2T/C BLIM
This section presents the proposed FeFET-based 2T/C BLiM

implementation details. For discussion convenience in this

Fig. 5. Write and read operations of 2T/C design. (a) Write ‘0’; (b) Write ‘1’;
(c) Read ‘0’ by WCB; (d) Read ‘1’ by WCB. Notes: black means wordlines
with idle voltages (HL: GND, RL: GND, WL: VDD/2), while red/blue indicate
high/low voltages of activated wordlines or bitline output, respectively.

paper, a high and low voltage represents the digits ‘1’ and
‘0’, respectively; a negative and positive FeFET polarization
leads to positive and negative VTH, representing the state ‘1’
and ‘0’, respectively.

A. Memory Write and Read Operations

The write operation is shown in Fig. 5(a-b). High or low
voltage (VDD or GND) corresponding to the write data is
set on bitlines. All RLs of the array are grounded during
the write process to avoid the influence of HLs. As VGS
beyond the coercive voltage VCO will set the polarization of
FeFET, the WLs of unselected rows are set to VDD/2 to avoid
unexpected write (VDD/2 < VCO < VDD). WLs of selected
rows are set to VDD in the first stage and GND for the
second stage. Then, the FeFET cell is set to a positive/negative
polarization for a GND/VDD bitline voltage in the first/second
stage, respectively, where the FeFET VGS exceeds the coercive
voltage VCO. The set stage is indicated by the italic WL1
and BL voltage in Fig. 5(a)(b). The write of the same data
can be applied to multiple destination rows simultaneously,
as these extra rows increase the capacitive load slightly but do
not affect the correctness of write results.

The voltage-mode read operation could be implemented
by either discharging or charging the bitlines through the
wordline. The former based on precharged bitlines has been
proposed in [29], similar to the CMOS SRAM. The latter is
shown in Fig. 5(c-d). The sensing scheme in Fig. 4 supports
both charging and discharging methods.

With the sensing circuits, the data can be read out without
a full charge or discharge process. Note that when a direct
write-back is needed, the write voltage amplitude needs to
be sufficiently high and thus a full charge or discharge with
longer time may be required.

For the wordline-discharging-bitline (WDB) scheme, the
sensing could be carried out in a few stages:

Stage 1: Initialization. The HL, RL, and WL of the selected
row illustrated in Fig. 5 are set to GND, GND, and VDD/2,
respectively, as in the standby state; The bitline (BL) of the
memory array is precharged to VDD; SAE is set low, so that
the outputs of the SA latch (SAout+ and SAout− in Fig. 4)
are both VDD; SW is set low and then high to set the input
gate voltage VSAin+ to VDD.

Stage 2: Row selection and bitline discharging. The RL is
set to a VDD pulse. VBL will remain unchanged or decrease
if the FeFET is in the OFFor ON state, respectively. More
importantly, with the capacitive coupling by CC in Fig. 4,
if VBL decreases to VDD − 21V , VSAin+ will decrease by
21V × CC / (CC + CPAR), or ∼21V if the parasitic CPAR at
SA input is much less than CC in practice; otherwise VSAin+
stays at VDD.
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Fig. 6. BLiM operations of (a) and, (b) nand, and (c) nimp.

Stage 3: SA sensing and latching. SAE is set high to
compare VSAin+ and VSAin− (which is VDD −1V ) and latch
the result.

After the memory read, the latched result could be further
processed with optional custom logic, and then sent to output,
and/or sent to BL for subsequent conventional write-back or
further computing. The optional custom logic at the sensing
interface provides the opportunity of complex logic such as
full adder or other LUT-based computing (see Section IV-I).

It is noted that, Stage 2 and Stage 3 could be run again
to support more operands after Stage 3. This enables the
opportunity of multiple computing tasks with only one single
BL precharge, as to be further exemplified in Section IV-I.

For the wordline-charging-bitline (WCB) scheme, the sens-
ing procedure consists of a few similar stages:

Stage 1: Initialization. The HL, RL, and WL of the selected
row illustrated in Fig. 5 are set to VDD, GND, and VDD/2,
respectively, as in the standby state; the BL of the memory
array is set to GND; SAE is set low, so that the outputs of the
SA latch are both VDD; SW is set low and then high to set
the input gate voltage VSAin+ to VDD − 21V .

Stage 2: Row selection and bitline discharging. The RL is
set to a VDD pulse. VBL will remain unchanged or increase
if the FeFET is in the OFFor ON state, respectively. If VBL
increases by 21V , VSAin+ will also increase by ∼21V (from
VDD − 21V to ∼VDD) due to capacitor coupling; otherwise
VSAin+ stays at VDD − 21V .

Stage 3: SA sensing and latching. SAE is set high to
compare VSAin+ and VSAin− (which is VDD −1V ) and latch
the result.

B. Proposed Wordline-Discharging-Bitlines (WDB)
Operations

WDB operations exploit discharging precharged bitlines
through the source rows. It generates an AND logic:

BL = A1 · A2 · . . . · AN, (1)

in which A1, A2, . . . , AN represent the data of N (≥1) source
rows, and BL represents the logic result which can be sensed
by SA. As a special case, operation with only one source row
corresponds to the read operation.

Fig. 6(a) illustrates the AND operation when N = 2 (write-
back not shown). The operation can be split into three stages:

Stage 1: Precharge all bitlines to VDD. If sensing is
required, apply a GND pulse on SW for the initialization
of CC.

Stage 2: Ground HLs of selected rows. At the same
time, turn on the access transistors of the selected rows
by setting RLs to VDD. Only when all the selected cells

Fig. 7. Proposed 2T NAND2: transient waveforms and FeFET polarization
(P·). VDD = 0.7V. (1) NAND between cell 1/2; (2) Write back to cell 3;
(3) Set inputs.

are in the OFF state can the bitline retain VDD, namely
A1 = . . . = AN = 1 and BL = 1. Hold the stage until the
bitline can generate a significant voltage difference for SA,
or is discharged sufficiently for write-back. Then turn off the
access transistors by setting RLs to GND.

Stage 3: Enable SA to sense whether the bitline is
discharged, then send the result to the external. Alterna-
tively, directly write back the result as to be introduced in
Section IV-G.

C. Proposed Wordline-Charging-Bitlines (WCB) Operations
WCB operations exploit charging bitlines through the source

row. It generates a NAND logic:

BL =!(A1 · A2 · . . . · AN), (2)

in which A1, A2, . . . , AN represent the data of N (≥1) source
rows, and BL represents the logic result. Similarly, operation
with only one source row achieves the NOT operation. The
proposed operation can also be divided into three stages:

Stage 1: Ground all BLs to prevent the influence of remnant
charge. If sensing is required, apply a GND pulse on SW.

Stage 2: Set HLs of selected rows to VDD. At the same
time, turn on the access transistors of the selected rows by
setting RLs to VDD. Only when all the selected cells are
in the OFF state can the bitline retain uncharged, namely
A1 = . . . = AN = 1 and BL = 0. Hold the stage until the
bitline can generate a significant voltage difference for SA,
or is charged sufficiently high for write-back. Then, turn off
the access transistors by setting RLs to GND.

Stage 3: Enable SA to sense whether the bitline is charged,
then send the result to the external. Alternatively, directly write
back the result as to be introduced in Section IV-G.

Fig. 6(b) illustrates the proposed NAND operation when
N = 2 (write-back not shown). Fig. 7 shows NAND transient
results, where Step (9) illustrates the proposed direct write-
back to be described in Section IV-G.

For a single operation, WDB and WCB have different pros
and cons. WCB is more energy-efficient, as the bitlines are not
always charged but depend on the ON/OFF state of each FeFET
cell in the row being accessed. Consider a single N -variable
operation with randomly distributed source data and no initial
charge on bitlines, when a write-back is needed, WDB always
needs a full or high-voltage charging process for the bitlines,
while WCB causes a full or high-voltage charging process for
only ON-state cells, i.e., (1 − 1/2N ) of charged bitlines on
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average. In addition, when only the result sensing is needed,
WCB saves charging time and energy because only a sufficient
charging of bitline for SA is required. However, WDB achieves
higher speed than WCB. For WCB, as the bitline voltage
increases, VGS of the access transistor decreases, resulting in a
reduced drain-source current, which leads to longer charging
latency. In contrast, for WDB, VGS remains VDD during the
entire discharging process. Further, WDB can be applied to
several specified bits by pre-charging corresponding bitlines
(e.g., the lower 8 bits in a 32-bit word), which provides
flexibility and higher energy efficiency in some cases (WCB
can only be executed on all cells of the selected row).

For logic functionality, WDB and WCB can generate a pair
of complementary logic such as {NOT, Read} and {NAND,
AND}. Users can choose which strategy to obtain the result
considering energy, speed, etc. For multi-input operations, the
ON/OFF ratio of the device should be sufficiently high, so that
the logic result could be sensed correctly. With a high ON/OFF
ratio up to 106 and beyond, FeFETs could support operations
with massively-parallel multi-input operations naturally.

D. Proposed NIMP Operations
The two-variable NIMP (material nonimplication) operation

is expressed as:

BL = A2 NIMP A1 = A2 ·!A1, (3)

in which A1 and A2 represent the data of the two source
rows, and BL represents the logic result. Fig. 6(c) gives
an example of the proposed NIMP operation (write-back not
shown). Different from WDB or WCB operations, the NIMP
operation exploits a combined charging-discharging process,
which includes three stages:

Stage 1: Ground all bitlines to discharge the remnant charge.
If sensing is required, apply a GND pulse on SW.

Stage 2: Set HL1 to VDD. At the same time, turn on access
transistor of A1 by setting RL1 to VDD. The bitline is charged
when A1 = 0, or remains uncharged when A1 = 1. Then turn
off the access transistor of A1 by setting RL1 to GND.

Stage 3: Set HL2 to GND. At the same time, turn on
access transistor of A2 by setting RL2 to VDD. The bitline
is discharged to GND when A2 = 0, or remains the previous
voltage when A2 = 1. Therefore, only when A1 = 0 and
A2 = 1 can the bitline be charged to a high voltage, otherwise
GND. Then turn off the access transistor of A2 by setting RL2
to GND.

Stage 4: Enable SA to sense whether the bitline is charged,
then send the result to the external. Alternatively, directly write
back the result as to be introduced in Section IV-G.

E. Proposed IMP Operations
Similar to the relation between WDB and WCB operations,

the two-variable IMP (material implication) operations can also
be implemented by a charging path opposite to NIMP. The IMP
logic can be expressed as:

BL = A2 IMP A1 =!A2 + A1, (4)

in which A1 and A2 represent the data of the two source rows,
and BL represent the logic result. The proposed operation can
be split into three stages:

Stage 1: Precharge all bitlines to VDD. If sensing is
required, apply a GND pulse on SW.

Stage 2: Set HL1 to GND. At the same time, turn on
access transistor of A1 by setting RL1 to VDD. The bitline
is discharged when A1 = 0, or remains VDD when A1 = 1.
Then turn off the access transistor of A1 by setting RL1 to
GND.

Stage 3: Set HL2 to VDD. At the same time, turn on access
transistor of A2 by setting RL2 to VDD. The bitline is charged
to VDD when A2 = 0, or remains the previous voltage when
A2 = 1. Therefore, only when A1 = 0 and A2 = 1 can the
bitline be discharged to a low voltage, otherwise VDD. Then
turn off the access transistor of A2 by setting RL2 to GND.

Stage 4: Enable SA to sense whether the bitline is dis-
charged, then send the result to the external. Alternatively,
directly write back the result as introduced in Section IV-G.

F. Other Type-I Logics Operations
The above operations can be divided into four basic oper-

ating primitives: (a) initially set the bitline to VDD; (b) ini-
tially set the bitline to GND, (c) charge the bitline through
an activated cell and (d) discharge the bitline through an
activated cell. If we focus on the change of the bitline
voltage, these operations can be expressed as assignments:
(a) BL:= 1, (b) BL:= 0, (c) BL:= BL + !Ai, and (d) BL:=
BL · Ai, where Ai represents the data stored in an activated
cell. The combination of such operations can generate a
specific range of logics. For example, a logic

BL = !(A1 · A2 · A3) · A4 · A5 = (!A1+!A2
+!A3) · A4 · A5 (5)

can be implemented as sequence (bcccdd). From this point
of view, it is clear that inversing the initial state of bitlines
and exchanging (b) and (c) in the process will generate a
pair of complementary logic. And in the process, multiple
consecutive (b) or consecutive (c) can perform at the same
time respectively, as the voltage applied on HLs of activated
rows is the same thus no short from VDD to GND is formed.

G. Direct Write-Back Scheme
The above operations are categorized into Type-I BLiM

operations, which means a full swing result can be generated
at bitlines with sufficient operation time. The bitline charge
is enough to drive write operations of FeFET cells. In other
words, direct write-back is possible.

Direct write-back bonds logic operation with a write stage,
which reduces an extra memory access instruction and saves
energy. For example, a COPY operation is a combination of a
read and a direct write-back. Further, the method can write the
bitline voltage to multiple destination rows as the write process
of an extra destination row consumes negligibly more bitline
charge. To achieve a direct write-back, the full-swing bitline
voltage is applied in the process by a full charge or discharge
of the bitline. At the final stage of the above operations,
execute a VDD-GND pulse on one or multiple destination
rows so that results can be written back. Fig. 8(a) gives an
example of COPY operation. Fig. 9 shows the corresponding
transient waveform.

It is noted that, if the logic result is only needed by the
external, direct write-back is not executed to save FeFET’s
lifetime, operation energy and latency. And for a complex
logic that a single Type-I operation cannot handle, there are
two implementations. The first is to use Type-II operations
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Fig. 8. (a) copy and (b) two-variable xor operations.

Fig. 9. Proposed 2T copy: transient waveforms and FeFET polarization
(P1 and P2) with VDD = 0.7V. (1) copy operation from cell 1 to cell 2;
(2) Set inputs.

which can cover arbitrary logic theoretically, as illustrated in
Section IV-I. The second is to apply multiple Type-I operations
in serial with intermediate result written back, which reduces
the area of peripherals for custom logic at the cost of FeFET
lifetime.

For WCB operations, due to the drop of a threshold voltage,
the voltage on the bitlines cannot be charged to VDD as
the wordline. Therefore, it has a higher probability of write
failure for the same-VDD-amplitude write pulse [57]. To fur-
ther improve the performance, an additional pull-up circuit
or higher control voltage on RLs is needed for full-swing
charging.

H. Proposed XOR2 Operation
Exploiting dynamic bias provided by the switched capacitor

CC, two-variable XOR (XOR2) can be implemented without an
extra logic gate. The method compares bitline voltages at two
selected times to generate the logic

BL = A1 XOR A2, (6)

in which A1 and A2 represent the data of the two source rows,
and BL represents the logic result.

Fig. 8(b) illustrates the proposed XOR2 operation. First, set
SW = 0 and precharge all bitlines. Then, activates A1 and A2
simultaneously by setting RL1, RL2 to VDD and HL1, HL2 to
GND. At time t1, set SW = 1 so that the data input port of SA
can trace bitline voltage change, and the results can be sensed
at time t2. When inputs are in case ‘11’ or ‘00’, the voltage
difference at t1 and t2 is closed to 0, and a positive voltage
difference can be observed in case ‘01’ or ‘10’. Therefore,
SA can distinguish the XOR2 logic result. To generate the
correct logic, t1 and t2 are selected such that the bitline voltage
difference (Vt1− Vt2) is smaller than 1V in case ‘11’ or ‘00’,
and larger than 1V in case ‘01’ or ‘10’. The result can be

Fig. 10. BLiM computing process for x(n)or, (n)or, fa, etc. The bitline
voltage is considered as a linear discharge with 1V ≪ VBL.

written back to the memory array by an additional data path
controlled by a transmission gate, as shown in Fig. 4.

I. Proposed Custom Logic Design: Type-II BLiM Operation

Type-II BLiM operations, referring to a complex custom
logic with two or more inputs, are implemented with a flexible
peripheral. Type-II operations may contain multiple reads of
operands in serial. For full utilization of the bitline charge,
an optimized consecutive read scheme is proposed. It exploits
dynamic bias by switched capacitor CC for each bitline and
needs less bitline charging in the process. Fig. 10 illustrates
the design and the computing process. The complete procedure
can be stated as follows:

Stage 1: The voltage source for the data input port of SA is
set to VDD. Precharge all bitlines to VDD and apply a GND
pulse on SW. Now the bias Vcap is set to 0.

Stage 2: Set HL1 to GND. At the same time, turn on the
access transistor of A1 for certain time 1t . The bitline voltage
(VBL) of each column is either discharged below (VDD −

1V ) or kept at VDD depending on the cell state. Then turn
off the access transistor of A1.

Stage 3: SA senses the result. The result is saved in FF.
Stage 4: Apply a GND pulse on SW. Now Vcap is set to

(VDD −VBL). Because of the charge redistribution, VBL may
be slightly different from the previous stage.

Stage 5: Set HL2 to GND and turn on the access transistor
of A2 for certain time 1t . The bitline voltage of each column
is either discharged below (VBL − 1V ) or kept at VBL
depending on the cell state. Then turn off the access transistor
of A2.

Stage 6: Sense the result with SA, and calculate the result
with the logic circuit. For two-variable operations, the BLiM
procedure is done. For BLiM of more variables, save the
current logic result in FF and repeat Stage 4 to Stage 6 until all
inputs are read out and calculated. Optionally, the final result
can be written back by an additional data path.

Four-variable XOR (XOR4), as an example of a multi-
variable function, can be calculated in the process shown in
Fig. 11. To implement the function, the custom logic block is
configured as a two-variable XOR gate.

As an intuitive extension of the above concept, a read
of a single row in the procedure can be replaced by an
AND operation of multiple rows, which activates certain rows
simultaneously to discharge the bitline. If we configure the
custom logic as a two-variable OR gate and store necessary
inversion of certain operands by in-memory NOT operations
in advance, a sum of product (SOP) form two-level logic

Result =
∑

m(a1, a2, . . . , a2N ) (7)
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Fig. 11. Flow chart for xor4 computing process.

Fig. 12. Flow chart for three-variable majority computing process.

is generated, where mi stands for a minterm and corresponds
to AND operations. Therefore, any Boolean functions can be
implemented theoretically. Maximum discharge times of a
bitline limit the total occurrences of each input variable in
the SOP expression. In addition, the latency of a SOP form
is proportional to the number of minterms. As an example,
consider a typical complex logic function, which is usually
called a three-variable majority:

Result = A1 · A2 + A2 · A3 + A3 · A1. (8)

It can be calculated as shown in Fig. 12, where the custom
logic is configured as a two-variable OR gate.

Compared to separate reads, the consecutive reads method
saves both energy and latency, as charging bitlines to VDD
repeatedly is not required. The switch capacitor CC can be
much smaller than bitline parasitic CBL, which means less
energy and latency for capacitor charging. For charge utiliza-
tion, consider a single multi-variable operation with N single-
row reads and precharged VDD bitlines initially, separate reads
need ∼ (CBL ·N ·1V ) more charge than the proposed method
in the worst case, as the cost of charging CC is much less.

However, as the bitline voltage decreases after multiple
reads, the discharging speed is lowered. To analyze the issue,
we consider the worst case where the FeFETs are all in the
ON state, each memory cell has a low constant resistance RON
when activated, and only one row is activated simultaneously.
Assume that the switch capacitance CC is much smaller than
bitline capacitance CBL, the activation time 1t is fixed, and
the resistance of each cell can be regarded unchanged during
the process. Therefore, the bitline voltage is discharged expo-
nentially as e−t/τ . The maximum number of reads Nmax is

Nmax =

⌊
τ

1t
log

(
e1t/τ

− 1
1V/VDD

)⌋
(9)

where τ = RONCBL is the time constant of the discharging
path and the outer brackets represent the greatest integer less

Fig. 13. Transient waveforms of worst-case consecutive read (Nmax = 3,
1t = 130 ps, VDD = 0.8V). The bottom four curves are the polarization
of each cell. (1) First read; (2) Second read; (3) Third read; (4) Fourth read
(failed).

than or equal to the content. The activation time 1t can be
optimized to reach the maximum reads. Fig. 13 shows the
simulation result that indicates a maximum number of reads
Nmax = 3. Because the transistor works in the saturation
region initially, the discharging current keeps in constant.
Hence, the actual Nmax is larger than the estimation using
resistance RON in linear region. To enable a larger number of
inputs for a single logic operation, charging bitline to VDD
is needed after several consecutive read operations.

For more complex functions such as ADD, data transfers
between different columns are required. Simply adding ports
that connect the logic block of each column is sufficient,
as both two data inputs of the logic block are latched by SA
and FF. The SA and FF serve as buffer for intermediate data
between operations, which reduce the extra FeFET writes. For
improved flexibility and time complexity of logic execution,
more buffers can be added as long as the extra area overhead
can be tolerated.

J. Controller Design for Logic Reconfiguration
To support the rich logic functionalities with varied con-

trol flows, the controller in the proposed BLiM architec-
ture should be well optimized. Besides the basic memory
read and write, to handle all the in-memory logic func-
tions, the controller is designed to have the following types
of states: (i) instruction decoding and bitline initialization;
(ii) BLiM computing; (iii) direct write-back or result readout.
In (i), the bitline is discharged or precharged according to
the fetched BLiM operation. At the same time, activated rows
for each computing state in (ii) are generated and sent to
the row decoder sequentially. For example, NOR3 instruction
“! (A1 · A2 · A3)” generates a sequence {(A1, A2, A3)},
where only one computing state is required; “A2 NIMP A1”
generates {(A1), (A2)}, where the operation needs two com-
puting states to activate A1 and A2 in sequential. In (ii), one
BLiM primitive is executed including full WDB (Type-I),
full WCB (Type-I), pulsed WDB + SA sensing (Type-I&II),
pulsed WCB + SA sensing (Type-I), XOR2 (Type-I), and bias
setting (Type-II). One or multiple computing states could be
controlled by a finite-state machine (FSM) with reconfigurable
LUT logic. The LUT is configured at compile time that
includes steps of each logic operation used in a target applica-
tion (which may include custom logics defined in Section IV-F
and Section IV-I). In (iii), the logic result is either directly
written back to the FeFET array, transferred to the external,
or saved in FF for Type-II operations.
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Fig. 14. Write and read operations of 3T/C design. (a) Write ‘0’;
(b) Write ‘1’; (c) Read ‘0’ by WCB; (d) Read ‘1’ by WCB. Notes: black
means wordlines with idle voltages (HL: GND, RL: GND, WL: GND), while
red/blue indicate high/low voltages of activated wordlines or bitline output,
respectively.

The execution of a single BLiM instruction should
not be interrupted. For instructions with a non-write-back
state (iii), pipelining between the instructions can be applied
to improve the overall throughput. Other possible optimization
direction includes instruction reordering for bitline charge
recycling, i.e., an instruction with WDB may recycle remnant
bitline charge after the previous WCB to further improve
energy efficiency. This work focuses on the core BLiM opera-
tions and further optimization of instruction execution remains
as future work.

V. PROPOSED 3T/C BLIM
As mentioned, the 3T/C design has a topology similar to

2T/C in terms of logic operation. In this section, we mainly
focus on the differences. The assumption about the meaning
of ‘0’ and ‘1’ is the same as the 2T/C design.

A. Memory Write Operation
Unlike the 2T/C design, the 3T/C design exploits a pulse

on the HL to write data rather than the WL. Assume the data
to save have been placed on bitlines as VDD or GND. Turn
off all RLs of the array and all WLs of unselected rows.
Turn on the WLs of selected rows during the process. Set
HLs of selected rows to VDD in the first stage and GND
for the second stage. Then the FeFET polarization is set
to negative/positive for a GND/VDD bitline voltage in the
first/second stage, respectively. The simultaneous write of the
same data to multiple rows is also applicable for the 3T/C
design. Fig. 14 shows the write and read operations.

Compared with the 2T/C design, the write disturb is
reduced, thanks to the additional write access transistor. Since
the write pulse is set on different terminals of the FeFET, the
two designs store complementary data with the same bitline
voltage.

B. BLiM Operations
From the perspective of the BLiM operations ignoring

write back, the 3T/C design can work equivalently as the
2T/C design by bypassing (i.e., turning off) the write access
transistor. Fig. 15-17 show the transient waveforms of AND,
NOT and XOR operation, respectively.

C. Direct Write-Back Scheme
Corresponding to the write scheme, the direct write-back is

performed by setting all RLs to GND, setting the destination
WLs to a high voltage and applying a VDD pulse on the
HLs of the destination rows. BLiM operations in 3T/C with
the same computing procedure as that in 2T/C will write
back complementary logic results, where the WCB scheme
generates an AND logic, and the WDB scheme generates a
NAND logic.

Fig. 15. Proposed 3T and2: transient waveforms and FeFET polarization (P·).
VDD = 0.7V. (1) and between cell 1/2; (2) Write back to cell 3; (3) Set inputs.

Slightly different from the 2T/C write-back, the degraded
FeFET VGS due to VTH drop can affect the write-back latency
and even cause a write failure, especially in the WCB oper-
ations. Therefore, we rise the high operating voltage of WLs
voltage by 0.2V, and also rise the high operating voltage of
RLs voltage by 0.2V in WCB scheme, which can generate
sufficient FeFET VGS for write-back. Step (9) in Fig. 15-16
shows the direct write-back scheme of the 3T/C design.

The 3T/C design provides improved reliability regarding the
write disturb at the cost of cell density and operation energy,
which provides a suitable solution for update-frequent appli-
cations. Generally, 2T/C design can be regarded as a compact
cell design, and modification of the 2T/C design provides
additional functionality or improved performance. Thanks to
the memory-embedded transistor interface of FeFET, more cell
configurations can be available in the future.

VI. EVALUATION AND DISCUSSION

This section evaluates and discusses the proposed designs.
In the evaluation, the 10nm PTM FinFET model from [58] is
used in all MOSFETs. The FeFET model is the calibrated
10nm model in [59], with 0.01 kinetic coefficient ρ and
10.5nm ferroelectric layer thickness. Besides, a 10fF capac-
itor is considered as the bitline parasitic capacitance. In the
following evaluation, all the data are for a single column.

As the proposed BLiM exploits single-level FeFET for logic
operations, and does not rely on the multi-domain dynamics, a
single-domain LK model is adopted for efficient circuit behav-
ior analysis and evaluation. The recent multi-domain models
can capture more device characteristics, e.g., scalability, vari-
ation, stochasticity, and accumulation, more accurately [57],
[60]. Several works have presented the difference between the
two models [12], [61], where the read/compute latency and
energy of the two models are varying in a comparable range
(within 2x of energy and within 4x of latency). It is noted
that deploying the single-domain model does not change the
overall conclusion. As a matter of fact, recent articles indicate
that device development such as ferroelectric thickness [62]
and gate length [63] scaling, new material [64], and new
structure [65] can further improve the FeFET performance,
e.g., operating voltage, state switching energy and latency.
Therefore, it is expected that the performance of the proposed
BLiM may also be updated as the FeFET device continues to
be optimized in the future.
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Fig. 16. Proposed 3T not: transient waveforms and FeFET polarization
(P1 and P2) with VDD = 0.7V. (1) NOT of cell 1; (2) Write back to cell 2;
(3) Set inputs.

Fig. 17. Proposed 3T xor2: transient waveforms and FeFET polarization
(P1 and P2). VDD=0.7V. (1) xor operation between cell 1 and cell 2; (2) Set
inputs.

A. Performance of 2T/C BLiM Operations

Fig. 18(a) shows the latency versus energy of 2T/C BLiM
operations including both operation types. All operations are
1-bit two-operand logic and consider all input situations.
Energy and latency of sensing peripherals are included. For
Type-I operations, the write-back latency depends on the
FeFET configuration, which means that the write time could
be reduced with device improvement. With fast SA sensing,
the latency of logic-only operations is less than 0.35ns. The
operating voltage without the need for a direct write-back
could be further lowered as long as the sensing peripheral
works correctly. Besides, due to the highly parallel activations
instead of consecutive reads, Type-I operations save more
energy and time compared with Type-II operations in the same
operating voltage. The proposed BLiM operations achieve
<7fJ energy and <1ns latency in the worst case.

B. Performance of 3T/C BLiM Operations

3T/C BLiM also includes two types of operations and
considers different input situations as shown in Fig. 18(b).
Due to the voltage drop of the access transistors, 3T/C
needs a higher operating voltage for write and computing
operations. It is noted that WCB operations of the 3T/C
BLiM (e.g., COPY, AND) require a higher RL and WL
voltage beyond VDD. Therefore, more energy and latency are
consumed under the same operating voltage compared with
corresponding operations of 2T/C (e.g., NOT, NAND).

Fig. 18. Energy-latency evaluation. (a)(b) Proposed BLiM performance;
(c) Comparison with in-memory xor2in other works using parameters in (d).

For WDB operations, the bitlines are precharged through the
voltage source instead of the access transistor and wordline.
Therefore, no RL voltage rise is needed for both 2T/C and
3T/C BLiM. That is why the WDB operations of the proposed
two cell designs (e.g., COPY and XOR in 2T/C versus NOT
and XOR in 3T/C) reach almost the same energy in the
same VDD. Besides, with a higher operating voltage, the
3T/C BLiM has improved latency performance (<8.5ns) but
increased energy consumption (<9fJ) compared with the 2T/C
BLiM design.

C. Discussion of Non-Ideal Issues
The proposed BLiM architecture exhibits robustness to

multiple non-ideal factors. For Type-I operations, non-ideal
issues, such as variation, endurance, temperature and voltage
change, mostly affect the latency. The computing accuracy
can be guaranteed under non-ideal factors by a sufficiently
large on-off ratio of the FeFET device, which is enabled by
the voltage-mode digital-like operation. However, with a low
VDD, direct write-back has a higher failure probability, espe-
cially for WCB operations, as illustrated in Section IV-G. This
could be improved with lower-voltage FeFET development.

For Type-II operations, besides the non-ideal factors men-
tioned above, inaccurate timing control and uncertainty of
bitline capacitance are also the main non-ideal factors, which
can lead to different BL voltage drops of a single discharge.
The dynamic bias adjustment can almost eliminate the error
from previous reads in each bias-setting stage (Stages 1, 4
in Section IV-G). Therefore, BLiM results keep accurate. But
the number of consecutive reads reduces since larger voltage
margin is needed to tackle these non-ideal issues.

D. Comparison With Prior BLiM Works
Fig. 18(c) shows the XOR2 performance comparison

between the proposed BLiM and prior BLiM works based
on RRAM, STT-MRAM, and SRAM. For NVM-based BLiM,
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TABLE I
THE COMPARISON BETWEEN FEFET-BASED BLIM

we mainly focus on two operation schemes: (i) R-R logic,
in which input and output are both resistance of the NVMs;
(ii) R-V logic, which uses NVMs as inputs and generates
voltage outputs by the sensing interface [66].

The proposed FeFET-based design outperforms others with
lower energy and latency. With voltage-mode sensing, the
energy is reduced by 1.3x–200x compared with other current-
mode or mixed-mode R-V BLiM. The high write energy
efficiency of FeFETs is another advantage, which further
improves energy performance with write-back, compared to
R-R BLiM designs that suffer from writes with DC currents.
For latency, previous BLiM works have not fully exploited
the parallelism in the operations or suffered from complex
operating steps. By contrast, the proposed BCW and WCB
charging schemes and simple sensing steps speed up logic
operations by 3.0x–100x. The optimization of charge usage
also enhances the low-power and low-latency features.

A detailed comparison with the prior FeFET-based general
BLiM designs [11], [14], [15] is shown in Table I. The design
in [11] achieves (N)AND and X(N)OR by current-mode and
mixed-mode sensing, respectively. FeMAT in [15] converts the
sense line current to voltage for sensing by a total of three
operational amplifiers. These complicated sensing modes will
lower the energy efficiency significantly. While [14] proposes
voltage-mode sensing for logic operations, the differential cell
design doubles the area and energy consumption. Moreover,
the extra logic gates in [14] and [15], as well as the sensing
buffers and inverters in [11] occupy large area and causes
additional energy. For multi-input operations, the energy and
latency performance will be worse due to complicated sensing
schemes. On the other hand, this work achieves balanced
area and energy with voltage-mode operations and low-cost
peripheral design. In addition, the proposed design schemes of
direct write-back and selective wordline-bitline charging also

improve the energy efficiency. Furthermore, the peripherals
enable optimized operations for more general logic functions.

E. AES Implementation and Benchmarking
AES is a widely-used encryption algorithm. This algorithm

consists of four submodules that can be operated recurrently
and in parallel, as shown in Fig. 19(a). In the benchmarking,
an efficient implementation of AES in NVMs, named “AES
in-memory” (AIM), is considered as the criterion [67].

The proposed BLiM can accelerate several custom instruc-
tions in the AES process like in-memory XOR2 and XOR4.
The dedicated architecture and data organization for AES are
shown in Fig. 19(b). We consider the encryption of a 128-bit
data block, with each bit of a byte stored in different arrays.
Independent custom logic (Section III-D) is designed for each
column of a data block. Additional S-Boxes and M2 LUTs
are included for maximized parallelism. The data path of the
four transformations in AES is shown in Fig. 19(c).

The latency and energy consumption of each operation for
FeFETs have been discussed in Section VI. For a quantitative
application benchmark, all instructions are split into several
atomic operations shown in Table II. XOR2 and XOR4 refer to
2-operand and 4-operand in-memory XOR logic, respectively,
with results written back to the array after the computation.
An operand includes data of 1 byte. All in-memory opera-
tions in AES can have the maximum parallelism that equals
the number of SAs. We count the used operations in AES
and sum up their latency and energy, with the latency and
energy of LUTs and controller scheduling excluded for all
compared works. Fig. 19(d) shows the comparison between
different BLiM designs, where the latency and energy savings
reach at least 3.0x and 3.2x, respectively, for the proposed
BLiM design. Such savings of energy and latency in the
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Fig. 19. AES evaluation. (a) AES overview; (b) AES architecture for pro-
posed BLiM; (c) AES data path of each transformation; (d) BLiM evaluation
for 128-bit AES using AIM implementation, normalized to proposed 3T BLiM
design.

TABLE II
TOTAL ATOMIC OPERATIONS OF EACH 128-BIT INPUT

benchmarking are achieved because (i) multiple-operands
operation is possible with only one-time bitline charging,
(ii) only dynamic power is consumed, which avoids the
high power caused by the static current of current-domain
operations. This result shows great potential of FeFETs for
BLiM applications.

F. Future Work
The proposed BLiM primitives have covered most bitwise

logics. Arithmetic operations, such as addition and multipli-
cation, can also be implemented by the combination of BLiM
primitives. However, more optimization for the computing pro-
cess and architecture support needs to be explored. To further
optimize the performance of applications, memory controller
and software also play an important role. With the proposed
adaptive WCB/WDB operations and different custom logic for
Type-II operations, more compile-time instruction reordering
strategies for specified algorithms can be designed.

VII. CONCLUSION

In this paper, we present a FeFET-based low-power BLiM
approach. The proposed BLiM architecture could be applied
in both 2T/C and 3T/C memory arrays. A simplified switched-
capacitor-based sensing interface along with optional periph-
erals are designed for efficient and general multiple-input

logic operations. The voltage-mode operation and sensing
schemes are designed to avoid DC power consumption. For
more energy and latency savings, we further propose several
techniques: (i) SA-free direct write-back for several logic
operations, which reuses the remnant bitline charge; (ii) con-
tinuous read for Type-II operations that reduces the total bitline
charging activities. With these proposed techniques, circuit and
application evaluations have shown advantages in both energy
and latency, compared with prior BLiM works.
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