IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 42, NO. 4, APRIL 2023

1099

Ferroelectric Ternary Content Addressable
Memories for Energy-Efficient
Associative Search

Xunzhao Yin"“', Member, IEEE, Yu Qian

, Mohsen Imani, Member, IEEE, Kai Ni

, Member, IEEE,

Chao Li*, Grace Li Zhang™', Member, IEEE, Bing Li", Senior Member, IEEE,

UIf Schlichtmann

Abstract—A fast and efficient search function across the
database has been a core component for a number of data-
intensive tasks in machine learning, IoT applications, and
inference. However, the conventional digital machines implement-
ing the search functionality with repetitive arithmetic operations
suffer from the energy efficiency and performance degradation
due to the significant data transfer between the storage and pro-
cessing units in the Von Neumann architecture. Ternary content
addressable memories (TCAMs) are an essential hardware form
of computing-in-memory (CiM) designs that aim to overcome the
data transfer bottlenecks by implementing the parallel associative
search function within the memory blocks. While most state-
of-the-art TCAM designs focus on improving the information
density by harnessing compact nonvolatile memories (NVMs),
little efforts have been spent on optimizing the energy efficiency
of the NVM-based TCAM. In this article, by exploiting the
ferroelectric FET (FeFET) as a representative NVM, we pro-
pose an NOR-type 2FeFET-1T and an NAND-type 2FeFET-2T
TCAM designs that enable highly energy-efficient associative
search by reducing the associated precharge overheads. We then
propose a hybrid ferroelectric NAND-NOR (HFNN) TCAM design
to further improve the energy efficiency. An HFNN-based seg-
mented architecture is proposed to reduce the search delay and
energy by search operation pipeline. Evaluation results suggest
that the proposed 2FeFET-1T, 2FeFET-2T and HFNN TCAM
design consume 3.03x, 8.08x, and 226.92x less search energy
than the conventional 16T complementary metal oxide semicon-
ductor (CMOS) TCAM, respectively. Application benchmarking
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shows that our proposed 2FeFET-1T/2FeFET-2T/HFNN TCAM
can save, on average, 45.2%/50.6%/57.5% the GPU energy
consumption as compared to the conventional GPU.

Index Terms—Associative memory, computing-in-memory
(CiM), ferroelectric FET (FeFET), ternary content addressable
memory (TCAM).

I. INTRODUCTION

N THE era of Big Data, the development of data-intensive

IoT applications call for efficient and parallel data ana-
lytic operations to replace the sequential, time- and energy-
consuming operations in the conventional digital proces-
sors [1], [2]. In addition to the common arithmetic functions,
one such essential function is the search function [1], [3]. For
example, to implement cognitive learning, memory augmented
computing system needs efficient searching capabilities to
identify the class of the new query [1], [3].

However, due to the emergence of large-scale data of com-
puting models and the so-called memory wall issues, the
processors implementing the search function are still slow,
energy consuming, and prohibitively expensive. Computing-
in-memory (CiM) where frequent computations are integrated
within the memory blocks to reduce the data transfer between
processors and memory, represents a promising solution to
improve the energy efficiency of the hardware [4], [5]. As
the essential hardware kernel of CiM, ternary content address-
able memory (TCAM), which supports parallel searches over
the stored memory array given an input vector, is a poten-
tial solution to meet the demands of AMs and address the
processor-memory bottleneck present in conventional digital
machines [4], [6]. Due to the content addressing and fully par-
allel property, TCAMs have been applied in many areas, e.g.,
neuromorphic computing, memory-augmented neural network,
IP routers, in-memory data processing, etc. [1], [7], [8], [9],
[10], [11], [12].

While the conventional TCAM designs based on the stan-
dard complementary metal oxide semiconductor (CMOS)
technology have been proposed [13], they suffer from large
area overhead and leakage as the CMOS technology scales
down to the physical limit. Emerging nonvolatile mem-
ories (NVMs), such as the two-terminal resistive RAM
(ReRAM) [14] and the three-terminal ferroelectric FET
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(FeFET) [15] can encode logic values “0”/“1” using their
high/low resistance state, and thus have been exploited to
build more compact TCAM designs [16], [17]. Highly promis-
ing as NVM-based TCAMSs are, these designs focus more on
reducing the TCAM cell size with small NVMs. The potential
of combining both the NVMs and the energy-efficient design
schemes for TCAMs to improve energy efficiency has yet to
be explored.

In this article, we exploit FeFET as a representative
NVM, and propose a novel FeFET-based TCAM design to
achieve ultrahigh energy efficiency. Based on a proposed
2FeFET structure to perform a in-memory XOR-like func-
tion, we first propose two compact and energy-efficient TCAM
designs, i.e., NOR-type and NAND-type, shedding light on
two potential design schemes to improve the energy efficiency
and performance of TCAMs. Specifically, the 2FeFET-1T
NOR-type TCAM design improves the energy efficiency and
performance by reducing the effective precharge/discharge
capacitance associated with the TCAM matchline, while the
2FeFET-2T NAND-type TCAM design further reduces the
search energy by fully eliminating the precharge phase prior to
every search operation. While these two designs achieve higher
energy efficiency than prior works, the NOR-type TCAM
design still consumes significant precharge energy for each
search, and the NAND-type TCAM design is the slowest due
to the series transistors along the discharge path.

Both proposed designs still need to improve the energy effi-
ciency to support the in-memory information processing tasks.
Therefore, we propose a hybrid ferroelectric NAND-NOR
(HFNN) TCAM design by leveraging the advantages of both
TCAM design styles (NOR-type and NAND-type) to achieve
ultralow energy consumption with acceptable search delay.
HFNN design adopts the 2FeFET-1T NOR-type TCAM and
a 2FeFET-1T NAND-type TCAM modified from the 2FeFET-
2T design in the array. It saves the energy by reducing the
number of activated TCAM rows via the NAND-type match-
line structure, and keeps the search speed by employing the
NOR-type matchline structure. We further propose an HFNN-
based segmented architecture to pipeline the search operation,
which significantly reduces the energy and delay.

The structures, operations, and energy/performance analy-
sis of the proposed TCAMs are discussed and evaluated at
the array level and compared with alternative TCAM designs
based on CMOS, ReRAM, and FeFET, respectively, to demon-
strate the benefits of combining NVMs with the proposed
TCAM design schemes. We also examine the energy effi-
ciency of the proposed FeFET TCAM designs in the context
of augmented GPU architecture. Evaluation results show that
the proposed 2FeFET-1T/2FeFET-2T/HFNN TCAM design
offers 3.03x/8.08x/226x and 1.79x/4.79x/134.62x better
energy efficiency than the CMOS TCAM and the state-of-
the-art 2FeFET TCAM design, respectively. The proposed
2FeFET-1T/2FeFET-2T/HFNN TCAM used as an associative
search engine in the enhanced GPU architecture can save,
on average, 45.2%/50.6%/57.5% energy consumption as com-
pared to the conventional GPU. Compared with the 2FeFET
TCAM enhanced GPU approach, our proposed designs can
still achieve 4.9%/10.4%/16.5% more energy saving.
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Fig. 1.  (a) FeFET polarization directions and channel conditions after

memory write operations. (b) FeFET Ip-V characteristics after posi-
tive/negative gate write voltages.

II. BACKGROUND

In this section, we first review the basics of the FeFET
device and model [18]. Then, we describe the TCAM basics,
including the existing TCAMs based on CMOS, ReRAM, and
FeFET, and derive the energy equations associated with the
matchline.

A. FeFET Basics

FeFET has received renewed interest recently ever since the
discovery of ferroelectricity in doped HfO;. Such a material
is CMOS-compatible and maintains its ferroelectricity even
down to 1-nm thickness, greatly outperforming its perovskite
ferroelectric counterparts [19]. Prior works [20], [21] also
show that FeFET is compatible with the advanced 7 nm/14 nm
CMOS technology. Ferroelectric memory exhibits superior
write energy efficiency because the polarization switching pro-
cess is driven by an electric field, while the write process in
other types of NVMs requires a high conduction current [1],
thus consuming a high write power. When integrating a ferro-
electric film as the gate insulator in an MOSFET, an FeFET
is obtained. By applying a positive/negative gate pulse, the
ferroelectric polarization will be switched to point at the chan-
nel/gate, thus attracting electrons/holes in the channel and
setting the device in low-Vy/high-VTy state, respectively, as
shown in Fig. 1(a).

Several models have been proposed for FeFET, includ-
ing a model based on hysteric negative capacitance FET
(NCFET) [22], a Preisach model [18], and a comprehensive
Monte Carlo model [23]. In this work, we are utilizing the
experimentally calibrated Preisach compact model for FeFET
due to its computational efficiency and accuracy [18]. In this
model, a ferroelectric film is considered to contain a large
amount of independent domains, where each domain has its
own switching coercive field. Thus, the overall ferroelectric
response is obtained by adding up all the domain responses,
which can be well approximated by a hyperbolic tangent func-
tion [18]. The final ferroelectric model can be accomplished
by, including the ferroelectric history tracking algorithm and
nonsaturated hysteresis loops, explained in [18]. Integrating
such a ferroelectric model with an MOSFET model, such as
the standard BSIM, an FeFET model is obtained. Such a model
has been calibrated with experimental results [18]. Fig. 1(b)
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Fig. 2. Schematic of an MxN TCAM array.

shows the Ip—V characteristic after memory write with £4 V
gate voltages. A memory window of approximately 1 V is
obtained.

B. Existing TCAM Designs

Fig. 2 shows the schematic of a TCAM array consist-
ing of M words, with each word containing N cells placed
horizontally. The cells within one word share a matchline
(ML) in a NOR-type connection, which is sensed by the
sense amplifier (SA). The cells within one column are associ-
ated with the same bit/search line pairs. A typical NOR-type
precharge-based TCAM operation starts with precharging the
MLs to match state (high voltage level), and then drives the
search lines with the input data. The MLs on which all cells
match with the input remain high, indicating a match, while
those with at least one cell mismatching with the input, will
discharge, indicating a mismatch. The SAs sense the ML states
of their associated words.

Numerous NVM-based TCAM designs consume smaller
cell sizes than the conventional 16T CMOS TCAM [Fig. 3(a)],
due to the compact NVM structures. Fig. 3 shows the most
commonly used TCAM designs. The 16T CMOS TCAM [13]
is volatile, and stores ternary states (“0,” “1,” and wildcard
“X”) with two SRAMs, while the 2T-2R ReRAM-based [16]
and 2FeFET-based [1], [24] TCAMs encode ternary states into
the NVMs with much less transistors, thus smaller cell sizes. It
can be seen from Figs. 2 and 3 that the TCAM designs afore-
mentioned are precharge-based, requiring a precharge phase
prior to every search. The search energy of TCAM arrays
consists of the precharge energy and the leakage energy

E ~ Epe + Eleak = CMLV3p + Ejeak (1)

where Epe represents the energy precharged to the ML dur-
ing the precharge phase, Ejeqx represents the leakage energy
from supply to ground, and Cyp. is denoted as the capaci-
tance associated with the array ML. The equivalent schematic
of a TCAM cell in a NOR-type ML connection is depicted in
Fig. 3(d), formulating Cyr. as follows:

CvmL ~ Comos + N x (Ccell + Cparasitic)
= Cpmos + N X (2Cdrain + Cparasitic) 2
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Fig. 3. TCAM designs: (a) 16T CMOS; (b) 2T-2R ReRAM; (c) 2FeFET;

(d) Equivalent schematic of (a, b, c) TCAM cells.

where Cpmos, Ceell, Chparasitic; and Carain are the associated
capacitance of the pMOS transistor that precharges the ML,
the total capacitance of a TCAM cell associated with the ML,
the parasitic capacitance of each cell, and the drain capacitance
of a transistor, respectively. Each TCAM cell connects the ML
with two transistors, thus Cce consists of two drain capaci-
tances, which can be extracted from the PTM technology [25],
and Cparasitic can be extracted from DESTINY [26]. N is the
number of columns in the array. As Ep dominates the total
search energy, the search energy of an array is mainly depen-
dent on the number of transistors per cell associated with the
ML given an array size. To improve the energy efficiency, we
therefore propose a general design scheme for the NOR-type
TCAM which decreases the ML capacitance load by reducing
the number of transistors associated with the ML.

The other proposed design scheme focuses on eliminating
the precharge phase instead. Mahendra er al. [27] reported
a 14T CMOS-based precharge-free TCAM design that elim-
inates the precharge phase at the cost of a large area and
delay overheads. However, the large area size and search
delay limits its practical usage in fast and small devices. We
therefore propose to combine the precharge-free design with
FeFETs-based NAND-type TCAM to build a compact and area,
energy-efficient TCAM design.

To take advantages of both precharge-based NOR-type
TCAM and precharge-free NAND-type TCAM designs, the
hybrid NAND-NOR TCAM design scheme, which contains
both NAND-type and NOR-type TCAM cells within the array,
represents a promising solution to achieve a balance between
the search delay and energy for TCAMs [28], [29], [30]. Upon
the search operation, the NAND-type TCAM cells are first acti-
vated, and used to filter the words whose NAND-type TCAM
cells match with the corresponding input bits. The NOR-type
TCAM cells of the filtered words are then activated to start
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precharge-based search operation. Such a design scheme sig-
nificantly reduces the number of activated NOR-type cells,
thus reduces the precharge energy while maintaining accept-
able search delay. To fully leverage the emerging devices,
such as FeFETs and the hybrid TCAM design scheme, we
further propose HFNN TCAM to achieve ultralow energy
consumption, which will be discussed in Section IV.

III. ENERGY-AWARE TCAM DESIGNS

In this section, we propose two novels FeFET TCAM
designs with improved energy efficiency by either 1) reducing
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the associated ML capacitance or 2) eliminating the precharge Fig. 5. Transient waveforms of a 2FeFET-1T TCAM.

phase [31]. We first review the basic structures and operations
of the proposed TCAM designs, and then discuss how they
improve the energy efficiency and performance at the array
level.

A. 2FeFET-1T TCAM Leveraging Matchline Load Reduction

0 is applied to the searchlines. Similarly, logic “1” can be
written by applying V,, and —V,, to WL; and WL, respec-
tively. —V,, is applied to both wordlines to write a “do not
care” state “X.” During the write, the wordlines associated
with unselected words are set to either V,,/2 or —V,,/2 to

Fig. 4(a) shows the schematic of our proposed 2FeFET-1T  inhibit write disturbance [32]. As such, the voltage of node
NOR-type TCAM design, which consists of a 2FeFET struc- D will be high/low enough to turn on/off the nMOS for the
ture and an nMOS discharge transistor. The wordlines WL;  mismatch/match case, respectively.

and WL control the FeFET gates, and FeFET sources are con-

The matchlines of the array are precharged to a high level

nected to the searchlines SL; and SL», respectively. The gate  when search operation starts. Meanwhile, 0/V (1 V) is applied

node D of nMOS is connected to the drains of the FeFETs, to the searchlines/wordlines to set node D to 0. Then the word-

and the matchline ML connects with the drain of nMOS. As  lines and the searchlines are applied with V (1 V)/0 according

shown in Fig. 4(b), each column shares the same searchlines, o the input bits as summarized in Fig. 4(c). As a result, the

and each row shares the same wordlines. matchline state ML can be formulated as below according to
The 2FeFET structure in the proposed cell performs the core  the 2FeFET structure function

function for an efficient TCAM design. Without loss of gener-
ality, assume the stored value § = 1(M; with low VTy state)

ML=D=SL; xS+SL, xS. “4)

and S = 0(M, with high Vry state), then D = SL;. Similarly, The transient waveforms shown in Fig. 5 validate function of
when S = 0 and S = 1, D = SL,. Fig. 4(c) shows the truth 2FeFET-1T TCAM cell.

table of the structure performing such XOR-like function
D =SL; xS+ SL, x S. 3)

Once (3) can be readily realized, this structure is applicable to

Compared with existing precharge-based TCAM designs,
our proposed 2FeFET-1T TCAM cell applies the matchline
capacitance reduction scheme by reducing the transistor num-
ber associated to ML to only 1, therefore consumes less

other NVM devices and combined with the proposed TCAM  precharge energy

designs schemes here as long as the limited ON/OFF resistance
ratio of NVMs can be addressed.

Fig. 4(c) summarizes the write and search operations of the
proposed 2FeFET-1T TCAM cell. Input bits are written into
the FeFETs as states S and S (normally the FeFETs stores
opposite values except the “do not care” state “X”). To write
a logic “0” to the cell, —V,, and V,, are applied to WL; and
WL, to switch the polarization of FeFETs, respectively, and

CvL ~ CpMOS + N x (Cdrain + Cparasitic)~ (5

The search delay of a precharge-based TCAM array is depen-
dent on the effective RC constant as follows:

T~ CML X Rett (6)

where Reff represents the effective resistance between
the matchline and ground upon a mismatch search.

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on June 19,2023 at 23:14:01 UTC from IEEE Xplore. Restrictions apply.



YIN et al.: FERROELECTRIC TCAMs

1103

(C) Operations of 2FeFET-2T Precharge-free TCAM Cell

|l Bl [
I
|
I

ordline Driver

\v
I
o}
2

Fig. 6.

Equations (2), (5), and (6) imply that the proposed 2FeFET-
1T TCAM array can achieve much less search delay than the
existing TCAM designs due to the reduction of the matchline
load.

B. 2FeFET-2T TCAM Leveraging Precharge-Free Scheme

While the matchline load reduction scheme saves much
energy for precharge-based TCAMs, our proposed 2FeFET-2T
NAND-type precharge-free TCAM design can further improve
the energy efficiency by eliminating the energy-consuming
precharge phase. Fig. 6(a) and (b) shows the proposed
2FeFET-2T TCAM cell and the array schematic, respectively.
The cell consists of the 2FeFET structure and an inverter
supplied by the matchline of the previous cell MLi. In the
2FeFET-2T TCAM array, the matchline structure adopts the
NAND-type connection, where the matchline of the previous
cell connects to the supply rail of the inverter in the current
cell.

Fig. 6(c) summarizes the write and search operations.
The write scheme as well as the Vi, inihibition scheme
of the 2FeFET-2T TCAM design are the same as that of
the 2FeFET-1T TCAM design. The truth table is valid only
when the previous matchline voltage level MLi is high. The
matchline state ML is thus formulated as follows:

ML = MLi x D. @)

Note that when the previous cell is a mismatch, and MLi
transitions from high level to ground, the ML of the current
cell cannot completely follow the decrease of MLi when the
internal node D is at 0. This is because a pMOS transistor can
only pass a weak ground from the source to drain. When MLi
falls below the pMOS threshold voltage Vry p, the pMOS is
turned off, leaving ML at around Vg _p. Such incomplete ML
swing can be continuously degraded along the array word,
resulting in a function failure. To achieve full ML swing,
VLow = —0.8 V is applied to the cell searchlines, lowering
down node D to below —Vry p. The transient waveforms of
the proposed 2FeFET-2T TCAM cell shown in Fig. 7 validates
the proposed TCAM design.

Comparing to the precharge-based TCAM designs, the
proposed 2FeFET-2T TCAM eliminates precharge in most
cases, as the matchline state ML of each TCAM cell is deter-
mined by both the cell internal output D and the matchline
state of the previous cell MLi. In such design, consecutive
searches are performed, and a reset phase discharging the node

i

Schematic of (a) 2FeFET-2T TCAM cell; (b) 2FeFET-2T TCAM array; (c) write and search operation summary.
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Fig. 7. Transient waveforms of a 2FeFET-2T precharge-free TCAM.

D is not required. Note that the matchline state transition of
the previous cell only depends on the state of last evaluation:
A mismatch in the last search discharges the MLi to ground,
and a match in the current search charges the MLi again. If
consecutive searches result in the same match/mismatch state
to the previous cell, MLi remains without transitions. The only
situation where the matchlines along with a TCAM word will
be charged is illustrated below. Cell C; will be precharged
upon a search only when the following conditions are satis-
fied: 1) the MLi of C; transitions from mismatch state (Low) to
match state (High) upon the search, turning on the pMOS for
charging ML in C; and 2) the matchlines of all previous i — 1
cells are all at match state, thus forming a charging path from
voltage supply to the MLi of C;. Such strict conditions greatly
reduce the occurrence of charging, therefore consuming much
less energy consumption.

Fig. 8 illustrates an example of how the matchlines of the two
proposed FeFET-based TCAM arrays are charged in consecutive
searches. Without loss of generality, randomly chosen patterns
are searched, and we assume that a TCAM array has at most
one-word entry matching with the search input. Fig. 8(a) shows
that the precharge phase in the precharge-based TCAM designs
is inevitable regardless of the matchline state of the last search.
However, as shown in Fig. 8(b), 2FeFET-2T precharge-free
TCAM array can avoid precharge in most cases.

Take the entry 3 and 5 storing “00100110” and
“10100101” as an example, Fig. 8(c) shows the detailed
matchline state transitions and charging situations for searchs
1 and 2. Search 1 results in a mismatch for both entries.
Entry 3 has a mismatch at the first cell, therefore all the fol-
lowing cells within entry 3 are mismatch. Since the first 4
cells of entry 5 are at match state, their matchline states are
high. In Search 2, the first cell of entry 3 transitions from
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Fig. 8. Functionality of TCAM arrays with an example illustration. M rep-

resents a match state of an entry, and MM represents a mismatch state of an
entry. The red arrows indicate a matchline charging from the voltage supply to
the entry, while the green arrows mean no matchline charging from the supply
to the entry, but rather possible matchline discharge. (a) 2FeFET-1T or other
precharge based TCAM array search operations. (b) 2FeFET-2T precharge-
free TCAM array search operations. (c) 2FeFET-2T TCAM configurations
during search.

mismatch to match, thus the first 6 cells are at match state.
The matchlines of the first 6 cells are then charged by the
supply, though the entry is still at mismatch state. The first
cell of entry 5 transitions from match to mismatch, resulting
in the discharge of the matchlines associated with the first 4
cells within the entry. Similar analysis can be applied to other
entries, the entry state transitions and the matchline charging
situations are visualized in Fig. 8(b), where a red arrow indi-
cates a matchline charging in Fig. 8(a) and (b). It can be seen
that much less matchline charging is needed by the 2FeFET-2T
precharge-free TCAM array in four consecutive searches (from
Search 2 to Search 5), consuming much less search energy
than precharge-based TCAM arrays. Moreover, as the num-
ber of searches increases, the energy saving of the proposed
precharge-free TCAM array over the precharge-based TCAM
array will further grow.

Since the proposed 2FeFET-2T TCAM array adopts the
NAND-type matchline connection for precharge-free design
scheme, the search delay will increase in general. Assuming
that initially the cells within a 2FeFET-2T TCAM word are
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all match or mismatch, the worst case of the word occurs
when only the first cell has a matchline state transition. In
this case, the SA sensing the last cell output needs to wait
until the matchline state transition at the first cell propagates
through the entire word, resulting in a large search delay.
The energy and performance of the proposed TCAMs against
existing approaches are evaluated in Section VI.

IV. HYBRID FERROELECTRIC NAND-NOR ARRAY

The proposed 2FeFET-1T TCAM in Fig. 4 associates just
one transistor with the NOR-type matchline structure, thus
resulting in a faster search operation and reduced precharge
energy compared with previous designs in [1] and [24].
However, the precharge phase before search still consumes
energy. The proposed 2FeFET-2T TCAM in Fig. 6 further
improves the energy efficiency by eliminating the precharge
energy consumed per search through the serially connected
NAND-type matchline structure, despite at the cost of large
search delay. To leverage the advantages of both proposed
TCAM design styles, here we propose to combine the NOR-
type and NAND-type matchline structures, and thus propose an
HFNN TCAM array, which achieves ultralow search energy
while maintaining acceptable latency.

Fig. 9 shows the proposed HFNN architecture, which
consists of an m X n main array containing the proposed
2FeFET-1T NOR TCAM cells, 2FeFET-1T NAND TCAM cells
modified from 2FeFET-2T NAND design [Fig. 9(c) and (d)]
and peripheral circuits [Fig. 9(b)]. The main HFNN TCAM
array has the data TCAM array associated with m matchlines
and a replica associated with the replicated matchline. The
replica consists of k series nMOS transistors in the replica
NAND-type part and n — k parallel nMOS transistors in the
replica NOR-type part, as shown in Fig. 9(a). Each HFNN
row consists of k NAND-type TCAM cells and n—k NOR-type
TCAM cells. The NAND-type TCAM cells are connected with
the NOR-type TCAM cells via NAND and NOR precharge
circuitry, and the searchline driver controls the searchlines
associated with NOR-type TCAM array. To avoid negative
search voltage during the search operation of 2FeFET-2T
NAND TCAM, a modified NAND TCAM structure as shown in
Fig. 9(c) is adopted. The TCAM replica row contains the same
number of NAND and NOR TCAM cells as the main HFNN
array, and is used to evaluate the search timing associated with
the NAND-type TCAM array.

As a combination of the proposed TCAM design styles, the
HENN array utilizes the advantages of both NAND-type and
NOR-type matchline designs. In the HFNN array, only several
bits (k) are used for NAND cells and most bits (n — k) are used
for NOR cells. Fig. 10 shows the activations in NAND-type
MLs and NOR-type MLs. In phase 1, all NAND-type parts
are activated to perform the search operation with the first
k bits of input. In phase 2, the rows whose all NAND TCAM
cells are matched activate the corresponding NOR TCAM cells
within the same rows, i.e., the corresponding NOR-type MLs
are precharged. In phase 3, the activated NOR-type TCAM
rows perform search operation and generate the outputs.

In the HFNN array, the NOR-type ML is only precharged
when the NAND-type ML corresponding to the same row is
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Fig. 10. Activation in NAND-type and NOR-type MLs of HFNN.

discharged to 0, indicating that the NAND TCAM cells match
with the first k input bits. Assume that each TCAM cell has the
probability of (1/2) to match with the input, then the precharge
probability of the NOR-type ML is

) k

and the average energy of the array can be calculated as
follows:

1

P precharge = <_

3 ®)

Enand + Enor
Eaverage = Erepnand + Erepnor + ok 9)
E.
Eaverage/bit = —’:lv:age (10)

where Ejyerage is the average energy consumption of the HFNN
array. Erep . and Eyep —are the energy consumed by the
NAND TCAM cells and NOR TCAM cells within the replica
row, respectively. E_, and E,  are the search energy con-
sumption of the NAND and NOR TCAM cells in the main
array, respectively. Eaverage/bit 1 the average search energy per
bit per search. According to (9), the HFNN saves the energy
consumption of NOR TCAM part by reducing the number of

activated NOR-type MLs that need to be precharged from m
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Schematic of (a) HFNN array; (b) Searchline driver; (c) NAND TCAM cell; (d) NOR TCAM cell.
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Fig. 11.  Waveforms of HFNN array.

to (m/2%). The energy consumption associated with each part
of HFNN can be derived as follows:

Exeprng = Enna = (2k+1) X Carain + Cpmos) X Vip
an
Erepnor =E or — ((n — k) x Carain + CpMOS) X V%D(12)
(I’l—|—1—|—k) X Cd i +2CMOS
Eaverage bit = et (13)
mXxn
V3, x (14 2)
mXxXn

Note that here we consider the worst precharge case, i.e., each
NAND cell is precharged.

The overall search operation of an HFNN array can be
divided into three phases, and the corresponding waveforms
are illustrated in Fig. 11. In phase 1, the discharge control
signal MLPC in Fig. 9 is set to “1” to activate the NOR dis-
charge circuitry, and reset the MLs to ground, as shown in
Fig. 12(a). As the replicated matchline RML is discharged to
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(d) Phase 3 NOR search.

ground, the other input of the NOR gate RMLD is set to “0.”
Meanwhile, the NOR gate output MLE is “0,” and activates the
NAND precharge circuitry, thus charging the replicated NAND
matchline (RNML), NAND-type MLs (NMLs) to high voltage
level, as shown in Fig. 12(a). Upon the search operation of
NAND-type part, MLPC is set to “0” to deactivate the NOR
discharge circuitry, and thus MLE turns to “1,” activating the
NAND discharge circuitry, as shown in Fig. 12(b). The search-
lines (SL;/SL;) associated with the NAND TCAM cells and raw
searchlines (RSL;/RSL;) associated with the NOR TCAM cells
are driven with search voltages according to the input data,
respectively. Meanwhile, the searchline control signal (SLCR)
associated with the replicated NAND TCAM row is set to “0,”
thus turning on all the transistors within the NAND replica,
as shown in Fig. 12(b). RNML starts to discharge through
the nMOS transistor series. As the discharge path contains
the same number of transistors as other NAND TCAM rows,
RNML has the same discharge delay as the matched NAND-
type rows, thus is used as an indicator of the NAND search
operation.

In phase 2, as RNML is discharged to “0,” the NAND search
operation finishes, and the NOR precharge circuitry is acti-
vated as shown in Fig. 12(c). The replicated NOR matchline
(RML) is precharged to “1,” and then RMLD turns to “1.” The
buffer chain associated with RMLD generates a delay to ensure
that the NOR-type MLs associated with the matched NAND-
type rows are fully precharged to “1.” Then MLE becomes
“0” again, turning on the NAND precharge circuitry, as shown
in Fig. 12(d). RNMLs and RMLs are precharged to “1,” and
the NOR precharge circuitry is deactivated, disconnecting all
MLs from the voltage supply. Meanwhile, SLEN in the search-
line driver as shown in Fig. 9(b) becomes “l1,” thus passing
the raw searchline signals RSL;s to the corresponding search-
lines SL;s associated with the NOR TCAM cells. As shown

in Fig. 12(d), in phase 3, the NOR-type TCAM rows cor-
responding to the matched NAND-type rows perform search
operation, and the matched NOR TCAM row will generate a
match output, indicating a fully matched word with the input.

It can be seen that HFNN array can significantly reduce the
number of activated MLs by using the NAND-type TCAM rows
to filter out the mismatched rows, thus saving the precharge
energy. The architecture consumes precharge energy associ-
ated with all NAND-type MLs and a few NOR-type MLs,
thus the energy consumption of HFNN is a bit larger than
that of an NAND-type TCAM array considering a single row
in the worst case. However, at the array level, the increasing
precharge energy consumption of NAND part is far less than
the precharge energy reduction in NOR part, which will be
explained later in Section VI. The delay of HFNN is a bit
larger than that of an NOR-type TCAM array, but much less
than that of a NAND-type TCAM array.

V. HFNN-BASED SEGMENTED ARCHITECTURE

While HFNN performs the search operation with much
faster speed than NAND-type TCAM array, its delay as well as
the energy consumption increase as the wordlength grows. To
accommodate more bits for the search operation, we further
propose HFNN-based segmented architecture as well as its
pipeline operations for large-scale data search tasks. Fig. 13
shows the segmentation architecture. It consists of the data
encoder, HFNN segments, and the latch circuitry between the
segments. The data encoder drives the searchlines to HFNN
segments per input data. Each segment contains a proposed
HFNN array which performs the search operation as discussed
in Section IV. The latch circuitry consists of a 3-input NAND
gate, a latch nMOS transistor, and a buffer. Without loss of
generality, the gate of the nMOS transistor, Gy, is driven by
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the NAND gate as follows:

G; = MLPC - SLCR - SLEN, 15)

where MLPC and SLCR are the global control signals to enable
the search, and SLEN; is the signal of the searchline driver in
the /th HFNN segment, respectively, as shown in Fig. 9. The
output signal of the latch circuitry corresponding to the ith
row AC; is the input of the NAND discharge circuitry corre-
sponding to the ith row in the HFNN as shown in Fig. 13(b).
For each HFNN segment except the first one, the NAND dis-
charge circuitry in the HFNN segment is modified as shown in
Fig. 13(b), the nMOS discharge transistor of the NAND-type

TCAM array is driven by MLE and AC;
IMLE; = AC; - MLE. (16)

Fig. 14 shows the simulated waveforms of an HFNN-based
segmented architecture containing p HFNN segments. In phase

Schematic of (a) main part of HFNN-based segmented architecture where HFNN R* represents the replica row and HENN Rm represents the mth
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Fig. 15. Pipeline operation diagram of HFNN-based segmented architecture.

1, the HFNN segments search the input data across the stored
data, and generate the outputs. Only the matching row outputs
of the HFNN segment MLOUT’s become “1,” otherwise “0.”
In phase 2, SLCR is set to “1,” thus the gate voltage of the
nMOS in the latch circuitry becomes “1” according to (15).
The outputs of the HFNN segment are passed through the
nMOS and the buffer, driving the outputs of latch circuitry
AC’s to the value of MLOUT’s. Then, the rise of the global
signal MLPC turns off the nMOS, latches the outputs of HFNN
segments and resets all segments. In the next round of search,
MLPC is set to “0,” and MLE is driven to “1.” If one row’s
latched output of the previous HENN segment is “1,” then
the gate of the discharge nMOS within the modified NAND
discharge circuitry IMLE equals to the control signal MLE
according to (16), and the corresponding row within the HFNN
segment is activated for the next search.

With the proposed HFNN-based segmented architecture,
the search operation across large-scale data words can be
pipelined. Fig. 15 shows an example of one HFNN row in
the segmented architecture. So, S1, ..., S¢—1, etc., are the input
words with large wordlength. Each search word is divided to p
subwords that have the same wordlength as an HFNN segment,
thus each subword can be loaded into the HFNN segment
for the search operation. During fg, the subword of Sy corre-
sponding to HFNN segment #0 is searched, and if the output
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TABLE I
METRIC COMPARISON SUMMARY OF TCAM DESIGNS

Reference [13] [16] (171 [24] 271 (34] [35] Fig. 4 Fig. 6 Fig. 9
CAM type | TCAM | TCAM | TCAM | TCAM | TCAM | BCAM* | BCAM* | TCAM | TCAM | TCAM
Technology | CMOS | ReRAM | ReRAM | FeFET | CMOS | CMOS | CMOS | FeFET | FeFET | FeFET
Transistors/ 16T JT2R | 3TLIR 2FeFET | 2FeFET

el 2FeFET | 14T 10T 10T T St | HENN

Node Z5nm_| 90nm | _90mm | 45nm | 45nm | 45nm | 45wm | 45nm | 45nm | 45nm
Search sly]e' P P P P PF PF PF P PF P
Supply[V] T 12 T T T T T T T T
Search delay
[ns]
EfS
[/bit/scarch]

0.58 0.35 0.96 0.34 ~20 1.25 - 0.25 1.43 1.23

0.55 0.51 0.35 0.18 2.1 0.66 0.195 0.073 0.0026
211.54X | 205.43X | 134.62X | 63.23X | 807.69X 2.54X 75.00X 28.08X X

0.23 0.26 0.18 2.1 0.66 0.195 0.073
88.46X 100.00X 63.23X | 807.69X 2.54X 75.00X 28.08X

0.59
226.92X

EfSy 0.59 0.35 0.0026
[f)/bit/search] | 226.92X 134.62X X

+: BCAM denotes binary content addressable memory, storing binary states ("0’/’1”).
t: P denotes precharge-based, PF denotes precharge-free.

is a match, then the subword of Sy corresponding to HFNN
segment #1 is searched during #{, otherwise the search opera-
tion with this word terminates. Meanwhile, the subword of S
corresponding to HFNN segment #0 is loaded and searched.
Following the above pipeline, the search words are loaded
into the segmented architecture in time series, and ultimately
a word search operation can be realized using the same delay
as an HFNN segment. Such a pipeline search scheme signif-
icantly enables a fast search for large scale data words, and
saves significant energy by terminating the search operation at
the early stage of pipeline. It therefore imposes huge potential
for low power, high speed, and data-intensive applications.

VI. EVALUATION

In this section, we evaluate and compare the search energy
and delay of the proposed TCAM arrays with 16T CMOS,
2T-2R ReRAM, 14T CMOS [27], and the state-of-art 2FeFET-
based TCAMs to validate the benefits of the proposed two
design schemes with FeFETs and the hybrid design scheme.

A. TCAM Array Evaluation

Our proposed FeFET-based TCAM arrays [Figs. 4(b), 6(b),
and 9(a)] are evaluated through SPECTRE simulations at
27 °C, and compared against existing state-of-the-art TCAM
designs. The 45-nm PTM model with TT process corner is
adopted for MOSFET devices with minimized sizes. LRS/HRS
of 20 k2/2 M is assumed for 2T-2R ReRAM-based TCAM.
Wiring parasitics are extracted from DESTINY [26].

Table I summarizes the performance metrics of 64 x 64
TCAM arrays, including the CAM type, transistor count, tech-
nology, search style, search delay, search energy per bit per
search (EfS), and normalized search energy per bit per search
(EfSy) defined in [33], which is for legitimate comparison

E E 45 nm 12

=5 () < (73)

where the energy is normalized to 45 nm/1.0 V per (17).
Since the proposed 2FeFET-2T precharge-free TCAM array

only needs precharge upon the matchline conditions discussed

in Section III-B, the corresponding search energy is highly

dependent on the search patterns. We assumed the randomly

chosen search patterns in Fig. 8(b) for evaluations. For the

precharge-based TCAM arrays, the worst case where only one-

bit mismatch occurs is measured for the search delay. The

a7
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denotes that each row consists of x NAND cells and y NOR cells).

worst case of the proposed precharge-free TCAM array as
discussed in Section III-B is measured for the search delay.

The proposed 2FeFET-1T TCAM and 2FeFET-2T TCAM
consume 32.1% and 39.3% of the cell size of a conventional
16T CMOS TCAM, respectively. Less cell area overhead of
the proposed TCAMs leads to less parasitic capacitance asso-
ciated with the matchlines at the array level, resulting in less
precharge energy compared with the CMOS TCAM array. The
search energy and delay in Table I show that our proposed
2FeFET-1T TCAM is 3.02x/1.79x more energy efficient
and 2.30x/1.35x faster than the 16T CMOS TCAM/2FeFET
TCAM, respectively. The results validate the efficiency of the
matchline load reduction scheme which associates only one
transistor to the matchline, in addition to the area saving
obtained by FeFETs. Our proposed 2FeFET-2T precharge-
free TCAM is 8.08x/4.79x more energy efficient than the
16T CMOS/2FeFET TCAM, at the expense of larger search
delay due to the NAND-type matchline structure. The energy
efficiency again proves the advantages of the precharge-free
scheme with FeFETs. The maximum operating frequencies
of these 64 x 64 TCAM arrays are further evaluated. The
working cycle of NOR-type 2FeFET-1T TCAM consists of a
precharge phase consuming 0.27 ns and a search phase con-
suming 0.25 ns, respectively, while the NAND-type 2FeFET-2T
TCAM only performs a search with 1.43-ns latency due
to its precharge-free scheme. The corresponding operating
frequency of 2FeFET-1T/2FeFET-2T TCAM can therefore
reach around 1.92 GHZ/699 MHz.

As discussed in Section IV, the numbers of NAND and
NOR TCAM cells within an HFNN row, i.e., k and (n — k),
highly affect the energy and delay of the whole HFNN array.
In the 64x64 HFNN array, different NAND-NOR configura-
tions, i.e., (k/(n — k)), are evaluated in terms of delay and
energy consumption, which are shown in Figs. 16 and 17,'
respectively. The delay of the HFNN array is measured in
the worst case where only one cell within the NOR-type
TCAM row is mismatched. The matching probability of each
TCAM cell is assumed to be (1/2). It can be seen that as
the number of NAND TCAM cells increases, the delay of
the entire array rises due to the increased number of series

1Fig. 17 reports the energy breakdown of an HFNN array that includes the
activated NOR-type matchlines.
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Fig. 18. EDP of HFNN with different NAND-NOR configurations (x/y denotes
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transistors along the discharge path in the NAND-type TCAM
part. Fig. 17 shows the search energy consumption for the
matchlines within the HFNN array. It mainly consists of the
energy consumption by the NAND-type matchline (NML) and
the NOR-type matchline. As the number of NAND TCAM cells
increases, more series transistors of the NAND-type TCAM
array are precharged, resulting in the increasing energy con-
sumption associated with NML. On the contrary, the decrease
of NOR TCAM cells results in the reduction of energy associ-
ated with the NOR-type matchline. The energy consumption
by the replica row is negligible. According to (9) and (13),
though increasing k leads to more NML precharge energy and
larger search delay, the number of activated NOR-type match-
lines is highly reduced, resulting in significant overall energy
saving. Considering the tradeoff between the delay and the
overall energy, Fig. 18 shows the energy-delay product (EDP)
of the HFNN array. It can be seen that the HFNN with con-
figuration, i.e., HFNN (12/52) achieves the optimal EDP. The
working cycle of the HFNN (12/52) array is composed of a
reset phase (set MLPC to “1” to discharge all NOR match-
lines) taking 0.22 ns, and a search phase consuming 1.23-ns
latency, respectively. The maximum operating frequency of the
HFNN array with such configuration is thus 619 MHz.

Fig. 19 shows the search energy consumption breakdown of
the HFNN array (12/52) with varying numbers of rows. It can
be seen from Fig. 19 that the respective energy consumption
of NAND-type and NOR-type matchlines of HFNN array lin-
early grows as the row number increases, resulting in linearly
growing energy. Table I also compares the HFNN array with
existing TCAM designs. The average search energy and delay
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metrics suggest that our proposed HFNN array can achieve
63.23x/28.08x more energy efficiency and 16.26x/1.16x
faster search speed than 14T CMOS /2FeFET-2T TCAM,
respectively. HFNN array is also 226.92x/134.62x more
energy efficient than 16T CMOS TCAM/2FeFET TCAM,
respectively. The PVT conditions of the proposed HFNN array
are also validated. Fig. 20 shows the Monte Carlo simulation
results of the HFNN array (12/52) with 60 runs, where stan-
dard deviations of 45 mV for the FeFET Vty [36] and 10% for
the transistor size [37] are applied, respectively. Fig. 21 shows
the delay and energy metrics of HENN (12/52) under scaling
supply voltages. It can be seen that the energy decreases as
the supply voltage scales down, which is consistent with (1).
However, lower Vpp consumes more time to charge the asso-
ciated load capacitance and switch the array output state,
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thus resulting in increasing search delay. Higher supply volt-
age leads to reduced search time. Fig. 22 shows the impact
of varying temperatures on the performance of HFNN array
(12/52). While higher temperature shifts the rise/fall timing
of HFNN array output and increases the latency, HFNN array
still functions correctly and thus is robust to the temperature.

B. Benchmarking of TCAM-Based Associative Memory

To benchmark the TCAM designs at the application level,
we use a modified version of Multi2sim [38], a cycle accu-
rate CPU-GPU simulator. The kernel code is modified to
implement the enhanced GPU architecture and enable run-
time simulation. To show the generality of our approach, we
apply TCAM:s to Nvidia Kepler GeForce GTX Titan. TCAMs
are implemented next to the FPU within each of the cores in
the GPUs. As Fig. 23 shows, TCAM is implemented for the
GPU FPU operations which make up the majority of compu-
tation within the tested applications: adder (ADD), multiplier
(MUL), and multiply accumulator (MAC). Our benchmarks
include a wide range of signal processing applications and the
Caltech 101 dataset [39].

The TCAMs and the associated memory are located close to
the first stage of FPUs, storing frequent arithmetic operations
and corresponding results, respectively. During the computa-
tion task, the enhanced GPU architecture searches the input
data across the TCAM array, and meanwhile executes the
first stage of the FPUs. Upon a TCAM match, a prestored
result corresponding to the matched entry will be fetched as
the output, while the FPU pipeline will be clock-gated and
the subsequent FPU stages will not be executed. With low-
power TCAM designs, such architecture reduces repeated and
expensive FPU computations by exploiting the computation
reuse, thus significantly reducing the energy consumption of
computation cores for low-power applications [40], [41].
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different TCAM arrays.

Said associative memory-enhanced architecture faces the
following challenges: 1) the energy and performance cost
of TCAM search is inevitable and 2) a larger TCAM array
typically has a higher hit rate which is desirable for the
data-intensive applications. However, a TCAM array with a
large number of rows consumes high power consumption,
thus degrading the benefits of higher computation reuse in
the enhanced GPU architecture. Fig. 24 shows the normal-
ized energy consumption of the architecture enhanced with the
proposed TCAMs and other TCAMs.> We show the TCAM
array results with the number of rows that maximizes the
energy efficiency. 16T CMOS TCAMs achieve maximum effi-
ciency using a small number of rows, as the TCAM search
energy overhead dominates the gain coming from a higher
hit rate. Results show that the proposed 2FeFET-1T/2FeFET-
2T/HFNN TCAM can save, on average, 45.2%/50.6%/57.5%
energy consumption compared to the conventional GPU.
Compared with the state-of-the-art 2FeFET TCAM approach,
our proposed designs can still achieve 4.9%/10.4%/16.5%
more energy saving. The high-efficiency results from the
low power of the proposed TCAMs, which allow a large
TCAM array with a high hit rate, thus reducing the expensive
executions of GPU cores.

VII. CONCLUSION

TCAM is a hardware kernel of CiM design that can per-
form parallel in-memory search operations across the memory,
thus is a promising candidate for information processing in
MANN, IP routers, and advanced machine learning mod-
els. In this article, we propose a novel FeFET-based TCAM
design that exploits NVMs and three potential design meth-
ods for energy efficiency improvements. We first present the
proposed 2FeFET-1T NOR-type and 2FeFET-2T precharge-
free NAND-type TCAMSs, analyze their energy efficiency over
existing approaches. We then propose HFNN array that lever-
ages the advantages of both NAND-type and NOR-type TCAM
designs to realize ultra energy-efficient search operation. An
HFNN-based segmented architecture is presented for large
scale array search. We evaluate and benchmark the proposed
TCAM designs, and the results indicate that our proposed
TCAM design methods with FeFETs can achieve promising
energy efficiency and performance with respect to existing
TCAM designs.

2Excluding 14T CMOS TCAM due to larger search delay than GPU cycle.
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