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Abstract—We consider how emerging transistor technologies,
specifically ferroelectric field effect transistors (or FeFETs), can
realize compact and energy efficient ternary content addressable
memories (TCAMs). As Moore’s Law-based performance scaling
trends slow, and many computational tasks of interest are now
more data-centric than compute-centric, researchers are looking
to improve performance/save energy by integrating efficient and
compact logic/processing elements into various levels of the
memory hierarchy. Potential benefits include reduced I/O traffic,
energy/delay from data transfers, etc. A TCAM is an example
of a logic-in-memory element that is ubiquitous in routers,
caches, databases, and even neural networks. Not surprisingly,
researchers continue to study how emerging technologies could
lead to improved TCAMs. Recent work has considered how non-
volatile (NV) memory technologies (e.g., resistive random access
memory (ReRAM) or magnetic tunnel junctions (MTJs)) could
best be used to construct low energy, NV TCAMs. However,
acceptable R,,,-R,;; ratios and the two terminal nature of these
devices introduce energy and area overheads. Due to hysteresis in
a device’s I-V curve, an FeFET-based NV TCAM, offers low area
overhead, as well as search energies and search speeds that are
superior to other TCAM designs (i.e., based on MTJ, ReRAM
and CMOS in array- and architectural-level evaluations.)

I. INTRODUCTION

It is becoming increasingly difficult for CMOS technol-
ogy scaling to provide the high performance and energy
efficiencies that emerging applications demand. Furthermore,
information processing tasks related to data mining, scientific
computing, video/image streaming, etc. will continue to stress
the processor-memory hierarchy. To address these challenges,
researchers are looking to emerging devices, innovative cir-
cuits and architectures, and combinations thereof.

In this paper, we study how emerging technologies can
impact the performance, energy, and area efficiencies of
ternary content addressable memories (TCAMs). TCAMs per-
form parallel searches for a given piece of data against a
table of stored data, and return information as to whether a
match occurred. TCAMs have obvious utility in networking
hardware/applications — i.e., in routers, database search ap-
plications, and associative memories [1]. More recently, [2]
has also proposed using TCAMs for more energy efficient, in
memory data processing by reducing the amount of redundant
data associated with traditional von-Neumann processing.

We are especially interested as to how ferroelectric field
effect transistors (or FeFETs) that are compatible with current
process technologies, can lead to more efficient TCAMs.
While CMOS-based TCAMs have obviously been imple-
mented, they frequently suffer from low density and high
energy consumption when compared to static random access
memories (SRAMs) [3], or dynamic random access memories
(DRAMs). Researchers have also been investigating TCAM
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designs based on resistive RAM (ReRAM), and spin torque
transfer RAM (STT-RAM) based on magnetic tunnel junctions
(MT1Js) [4], [5]. Both devices use high resistance states (HRS)
and low resistance states (LRS) to encode binary states.
However, these technologies face challenges. For example,
spin-based memories may have low variable resistance (from
10Qs to 100k)s in general [6]), low HRS/LRS ratios, and
two-terminal structures. This can lead to relatively high energy
consumption and extra transistors for write operations and to
maintain acceptable output swings.

We present/study an FeFET-based NV TCAM design that
can offer superior energy/area efficiencies when compared to
CMOS- [7], MTI- [8], and ReRAM- [4] based TCAMs. Each
cell consists of four transistors and two FeFETs (i.e., we have
a 4T-2FeFET TCAM). Binary state is not stored by variable
resistance. Rather, by tuning the thickness of the ferroelectric
material at the gate, hysteresis can be introduced into a
device’s I-V characteristic allowing for a 1T storage element.
FeFETs can also exhibit high on-off ratios (Ion/Io rr=10%)
and provide inherent gain as its structure is otherwise similar
to a MOSFET. Only one access transistor per FeFET is needed
to facilitate writes, and write/sense ciruitry can be reduced.

Building off of a preliminary FeFET TCAM circuit design
from the authors of [9], we consider an FeFET TCAM
in terms of its structure, operations and layout at the cell
level, and evaluate TCAM arrays with varying word widths
as well as row numbers against other TCAM arrays (i.e.,
based on CMOS, MTJs and ReRAM). We also examine
the energy efficiency of FeFET-based TCAMs in the context
of a enhanced GPU architecture which utilizes TCAMs as
an associative memory [10]. Our results show that FeFET-
based TCAM requires 42% less area than a conventional 16T
CMOS-based TCAM with similar search energies and delays.
Additionally, when studying TCAM arrays, an FeFET-based
approach can offer a maximum benefit of 7.5X/149X in energy
delay product (EDP) versus a ReRAM/MT]J design (assuming
64 rows). Other benefits will also be discussed.

II. BACKGROUND

Below, we describe FeFETs and the device model, and re-
view other TCAM designs based on NV memory technologies.

A. The FeFET device

The transistors that form the basis of our work are built by
stacking a ferroelectric (FE) layer on the gate of a MOSFET
as shown in Fig. 1(a). The equivalent circuit is also shown
in Fig. 1(a), where the FE capacitance (Crg) couples with
the capacitance of the underlying MOSFET (C)j;0s). Per [11]
there is a negative change in polarization of the FE layer with
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Fig. 1. (a) FeFET structure and its equivalent circuit representation showing
ferroelectric capacitance (CFE) and the capacitance of the underlying MOS-
FET (CMOS). (b) FeFET I-V curves with tunable hysteresis (from [9]).

respect to the electric field, leading to negative capacitance
(Cre < 0). A large relative capacitance Crgr/Cros sta-
bilizes the FE layer in the negative capacitance region and
therefore the FE layer does not retain remnant polarization.
This leads to a voltage step-up action in the device, which
can result in steep-switching behavior (SS < 60mV/decade at
room temperature) as well as higher ON-OFF current ratios
than the standard MOSFETs (i.e., due to the inherent gain of
the underlying MOSFET). This type of device is referred to as
a negative capacitance FETs (NCFET), and is being explored
by both academia and industry [12]-[14].

As FE layer thickness increases, and the Crg/Cios ratio
is sufficiently low, the polarization in the FE layer can be
retained, leading to hysteretic behavior in an NCFET’s transfer
characteristic, and hence non-volatility. (An NCFET with
hysteresis is an FeFET.) Per Fig. 1(b), device hysteresis can
span over positive and negative gate-source voltages (V,), and
remains at high or low current in the absence of a gate-source
voltage (V, = 0). Per [15] electrostatic coupling between an
FeFET’s channel and drain on Crg and Cjp 05 can alter the
position and width of the hysteresis loop.

The Ion/Iorr ratio of FeFETs corresponding to the two
logic states (Ion, Iorr represent logic ’0°, 1’ respectively)
can be up to 10% due to the inherent gain of the underlying
MOSFET. This allows an FeFET to be used as a switch
instead of a variable resistor. Also, the FeFET’s three terminal
structure separates the writing or polarization switching path
(by applying sufficient positive/negative Vy, voltage) from the
reading or state sensing path (via the drain-source current).
This provides for more flexibility and less complexity in the
design space when considering circuit/application-driven de-
vice optimization versus other two-terminal memory devices.

B. FeFET simulation models
We use a SPICE model for FeFETs based on time-

dependent Landau Khalatnikov (LK) equations [16] that de-
scribes the polarization-electric field behavior of a FE layer.

E = aP + BP? +yP° + pP/dt (1)

where «, 3, v are the static coefficients and p is the kinetic
coefficient associated with the FE material, which in our
model is calibrated to the experimental data on hafnium
zirconium oxide (HZO). For HZO, o« = —7 x 10° m/F,
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Fig. 2. TCAMs: (a) 4T-2FeFET (a precharge transistor and a sense amplifier
(inverter) included); (b) 16T CMOS; (c) 9T-2MTJ MT]J; (d) 2T-2R ReRAM.

B = 3.3 x 10'° m>/F/coul?, v = —2 x 10° m°/F/coul*, and
the FE thickness is 5.7 nm. The FeFET characteristics are
obtained by combining self-consistent LK equations with the
45 nm predictive technology models [17]. Fig. 1(b) illustrates
a representative, simulation-based example of an FeFET with
tunable hysteresis given this model.

C. Related work: Other TCAM designs

Here, we review other TCAM designs. A NV, 4T-2MTJ
cell circuit was proposed and fabricated [18], which consumes
40%/14% of the area of a 12T/16T SRAM-based TCAM (Fig.
2(b)) essentially due to the fact that the MTJs were placed on
top of MOSFETs. Due to its small output swing stemming
from an MTJ’s low tunneling magnetoresistance ratio (TMR),
a sense amplifier and separate access transistors are added
into the above cell to achieve full output swing, resulting
in a 9T-2MTJ TCAM design [8] (Fig. 2(c)). ReRAM-based
TCAM designs have also been considered [4], [19], [20]. A
2T-2R TCAM (two transistors, two ReRAMs, Fig. 2(d)) has
a compact structure and has been utilized as an example to
overcome the existing challenges of degraded sensing margins
caused by low HRS/LRS ratios [4]. This design has also been
used in an enhanced GPU architecture [21].

In essence, MTJs, ReRAMs, etc. have different device
characteristics when compared with FeFETs, and these char-
acteristics introduce design limitations. First, MTJs/ReRAMs
exhibit rather low resistance ratios (between 100% - 250% for
MTJs and 10 - 10* for ReRAMs), and thus are used as variable
resistors with weak drive capability. Low resistance values can
also lead to leakage power. Second, these devices have two
terminals, which can require additional transistors to facilitate
a read/write operation. However, given that an FeFET has a
sufficiently high resistance ratio (10°) and three terminals (for
separate writing/reading paths) it can serve as both a switch
and a NV storage element. In subsequent sections we compare
the FeFET-based TCAM design against the conventional 16T
CMOS, 9T-2MT]J and 2T-2R TCAM designs to quantitatively
capture the advantages of FeFETs.

ITII. FEFET TCAM DESIGN

We now present the FeFET-based TCAM cell design that
employs FeFETs as both a switch and a storage element.
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We first review the cell structure at the circuit-level, and
discuss how search and write operations are performed. We
then present a layout of the FeFET TCAM cell, and use the
layout to compare the area of an FeFET-based TCAM cell
to TCAM cells based on CMOS/other emerging technologies.
Finally, we discuss an array architecture that will be used to
compare our work to other technologies.

A. FeFET TCAM cell structure

A FeFET-based TCAM design was briefly discussed in
the context of other FeFET-based logic-in-memory (LiM)
structures in [?]. Per Fig. 2(a), this FeFET design consists
of two parallel FeFETs that are connected to the matchline
(ML) via two transistors. The two FeFETs can both store logic
’0’ in addition to complementary bits, which facilitates the
”don’t care” state. In the cell schematic, transistors M; /T
and My /T, serve as two pull down paths for the ML to
ground. The inputs to the transistors 7} and 75 — SL and SL
— together with the memory state stored in M; and Ms (S
and S) determine whether the pull down paths are ON/OFF,
and provide an XNOR output S & SL at the ML.

B. Search and write modes

While search and write operations for the FeFET-based
TCAM were briefly discussed in [9], no simulations and
discussions for the claim of NV or write functionality were
presented. Here, we briefly review write and search operations,
and also show that the structure will indeed be NV.

To perform word-wise write operation, the wordline is
activated for the word to be written (WL to Vpp), and write
voltages are applied to bitlines (BL/BL) per the input data —
i.e., Viyrite (0.4V) for logic ’1” and —V,,,,-z. for logic 0’ — to
switch the FE polarization within an FeFET. Negative Vpp is
applied to wordlines of the words that are not to be written to
ensure that the gate-source voltages of the access transistors in
these words remain less than O or at O during the write, and no
unexpected write occurs to these words. Searchlines SL/SL are
driven to ground during the write to eliminate static current.
The write time for one write operation is 0.57ns.

Fig. 3 shows the simulation waveforms of the FeFET-based
TCAM cell. When there is a match, both pull-down paths are
OFF, and the match line ML is not discharged and stays high.
When there is a mismatch, at least one of the pull-down paths
is ON, resulting in the discharge of the ML. In the *don't
care’ state the ML always stays high regardless of the input
data. To illustrate that (i) FeFETs can retain state and (ii) the
TCAM cell still functions as intended given a power supply
interruption, we periodically set Vpp = 0 in our simulations.
In all cases the cell functions exactly as intended/as it did
before the power supply interruption.

C. Layout and area

To determine whether or not FeFET-based TCAMS can truly
be competitive with functional equivalents based on CMOS
and/or other emerging technologies, it is necessary to make
“apples-to-apples” comparisons to other approaches in terms
of area, latency, and energy. For the area metric, we completed
a layout of the FeFET-based approach. The FeFET design
requires 6 transistors per TCAM cell, and an FeFET also
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Fig. 4. 2X2 TCAM cell layout. Note that X represents half feature size F'

requires similar area as compared to a conventional MOSFET
(see Fig. 1(a)). The layout of a 2X2 TCAM (that follows
MOSIS Scalable CMOS design rules for 45 nm —i.e., SCMOS
DEEP rules) is shown in Fig. 4.

Fig. 5 compares the FeEFET TCAM cell size with other
TCAM designs from the literature. Based on the ”push rule”
SRAM scaling trend [22], [23] — i.e., 124F2 at 65 nm and
171F? at 45 nm — the area of a 16T CMOS TCAM is projected
to be 1.12m?. Based on the layout in Fig. 4, the FeFET-based
TCAM'’s cell size is estimated to be 58% of that of 16T CMOS
design. When compared to other emerging technologies (e.g.,
ReRAM), besides relatively large area of MTJ-based TCAMs,
we expect ReRAM-based TCAMs to have slightly lower areas
due to reduced transistor counts (i.e. 2T-2R TCAMs) when
compared to the FeFET design point in Fig. 5. However,
FeFET designs can be superior in terms of energy and delay.

D. TCAM array architecture

For energy/delay analysis, we evaluate all technologies in
the context of the same TCAM array architecture (Fig. 6). The
array consists of the TCAM core, the input buffer/drivers, the
output sense amplifier (SA — an inverter in our case), the clock
signal and the output encoder. The TCAM core contains M
words with a word width of N bits. The match and word lines
(MLs and WLs) are placed horizontally, while search and bit
lines (SL/SLs and BL/BLs) are placed vertically within the
TCAM cell grid. The search and bit lines are driven by the
input buffer and at the end of each match line, a sense amplifier
detects the voltage of the match line, and outputs the indicator
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Fig. 6. Architecture of an M x N TCAM array

of match/mismatch to the encoder, which sends a "hit” signal
and the corresponding address of the matched entry.

1V. EVALUATION

In this section, we present a performance and energy study
of our FeFET-based TCAM array, and compare it with alterna-
tive TCAMs based on CMOS, MTJ and ReRAM technologies.
We will use a TCAM-based GPU processor [24] as a case
study to evaluate the energy efficiency of these TCAMs in the
context of an associative memory-based computing system.

A. Evaluation setup

As noted above, we replace the TCAM cell in Fig. 6 with
technology specific designs. All delay/energy evaluations are
conducted via HSPICE simulation. A simple inverter-based SA
is used for all TCAMs. Whenever possible, the same or similar
technology nodes are assumed. Device parameters associated
with other technologies are obtained from published work.

We compare four different TCAM designs: CMOS, FeFET,
ReRAM and MTJ, with the last three being non-volatile. For
FeFET TCAM, the FeFET model discussed in Sec. II-B as
well as a 45 nm PTM model [17] are used. We assume
the minimum sized transistors for the TCAM cell and SA
in order to reduce power. For the conventional CMOS-based
TCAM (Fig. 2(b)), we use the same 45nm PTM model and
minimum transistor sizes that were used for the FeFETs. For
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the ReRAM-based TCAM, we adopt the 2T-2R design (Fig.
2(d)), a common example used in the literature [4]. We assume
2MQ2 for HRS and 20k(2 for LRS [25] to implement the
ReRAM-based TCAM. For MTJ-based TCAMs, we employ
the 9T-2MTJ TCAM which uses a single-end sense amplifier
and a single pass transistor to achieve full swing output
per Fig. 2(c) [8]. Though the dual-rail TCAM cell in [26]
eliminates the static current that always exists in MTJ-based
TCAM designs, the output feedback that cuts the conducting
path leads to a significant increase in search delay (>1 ns),
which is not applicable for the enhanced GPU architecture
which operates at 1 ns cycle time. We assume MTJs with a
parallel resistance (12,,) of 3k{2, and a magnetoresistance ratio
(MR) of 120% [27] in the 9T-2MTJ TCAM. Note that while
the TMR of an MTJ can be as high as 500% [28], it effectively
will not influence array evaluation data.

B. TCAM array evaluation

Here we summarize the delay and energy comparisons for
the 4 different TCAMs assuming a 64-bit word with different
numbers of rows. (We choose a 64-bit word as it is of sufficient
size for many applications such as network switches and
routers [29].) Fig. 7 shows the search delays of 64-bit TCAMs
based on different technologies at different sizes. The delay is
measured for the worst case, where only one bit is mismatched.
At small sizes, the MTJ-based TCAM had the lowest delay
due to the small load capacitance (one transistor per bit) at the
match line. However, at large sizes, the buffer delay which is
used to distribute the input across the array increases, and
the in-cell sense amplifier slows down, resulting in a rapidly
growing total delay versus other TCAM arrays. The reason that
the FeFET-based TCAM is faster than CMOS- and ReRAM-
based TCAMs is that the FeFET has a larger Ioy as well as
a better Ipon/Iopp ratio, which leads to a larger discharging
current upon a mismatch. For application-level case studies,
our TCAM designs can work with the original GPU execution
as the delays are smaller than the nominal cycle time.

The total search energy per operation consists of two parts:
the buffer energy and the cell energy. As TCAM size increases,
the buffer sizes grow as well to drive the large TCAM array,
thus the buffer energy increases too. The cell energy depends
on the schematics of the TCAM designs. For FeFET- and
ReRAM-based TCAMs, the cell consumes precharging en-
ergy; For CMOS- and MTJ-based TCAMs, the cell consumes
precharging energy plus static energy that comes from the
leakage of SRAM and conducting current associated with
constantly ON paths. Fig. 8 shows the 64-bit TCAM search
energies for different TCAMs. Note that MTJ-based TCAM is
always conducting large static current due to its schematic and
low resistance values. (For clarity, it is not included in Fig.
8.) FeFET-based TCAMs have similar latencies and energies
when compared to CMOS-based TCAMs as they have similar
capacitance at the match line and search lines. (They are also
denser and non-volatile.) When comparing with ReRAM- and
MTIJ-based TCAMs, FeFET-based TCAM have EDPs that are
2.8X better (1-row) to 7.5X better (64-row) and 14X (1-row)
better to 149X (64-row) better for ReRAM and MTIJ-based
designs respectively, as shown in Fig. 8.
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C. Case study of a TCAM-based GPU implementation

To further demonstrate the benefit of improved TCAMs, we
evaluate the TCAM-based associative memory employed in
an AMD Southern Island GPU device for energy reduction in
the context of GP-GPU applications. The TCAM-based GPU
architecture introduced in [24] integrates a TCAM array with
each of the four main floating point units (FPUs) as shown
in Fig. 9. Several OpenCL applications including 3 image
processing and 3 general applications are run on the GPU
platform, the data for the applications are from Caltech 101
dataset [30], being partially trained (10%) and totally tested
(100%) respectively. The TCAM arrays store the pre-trained
data as the application starts. The system sends the input
operands to both the FPU and TCAM block simultaneously. If
a match happens, the TCAM array disables the corresponding
FPU computation, and provides the actual result. With low-
power TCAM designs, such a TCAM-based GPU architecture
can provide unique advantages in many energy-conscious
applications ranging from mobile devices to data centers.

We compare the four TCAM arrays discussed in Sec. IV-B
in this GPU architecture. The evaluation process adopted here
follows that proposed in [31]. Details are omitted due to page
limit. The TCAM arrays use the minimum transistor sizes
for buffer, cell and SA to save energy while satisfying the
basic search functionality within the same cycle time of the
FPUs. We assume 32-bit words for SQRT, 64-bit words for
ADD/MUL and 96-bit words for MAC, respectively, as they
require varying numbers of input operands.

For architecture level evaluation, we need to evaluate the

1448

FPUs

l Adder (ADD)

Multiplier (MUL) )

Square Root (SQRT)

Multiply-Accumulator (MAC)

Input
Operands

Stage 6

Stage 2
Stage 3

UXx

Output
= Operands

Hit Clock gating

Memory

Fig. 9. The framework integrating FPUs with TCAM as associative memory
systems. The framework originates from [31].

TABLE 1
ENERGY CONSUMPTION (FJ) PER OPERATION FOR FPUS AND TCAM
ARRAYS
FPU . TCAM*
Module | gy | device |y oy 16-row  64-row
ADD 4742 FeFET 63.6 175.6 714.0
(64-bit) CMOS 75.9 223.8 895.8
MUL 9891 MTJ 2149 9368 52488
(64-bit) ReRAM | 244.5 987.5 4034
FeFET 334 95.8 442.7
SQRT 9983 CMOS 39.5 120.5 524.5
(32-bit) MTJ 1078 4699 26337
ReRAM | 1224 491.5 2006
FeFET 93.5 255.0 984.7
MAC 12051 CMOS 110.8 321.7 1234
(96-bit) MTJ 3220 14039 78623
ReRAM | 343.0 1300 6060

*: 3 row numbers out of 7 are shown, others are omitted for space.

average energy consumption per operation for all the FPUs
and TCAMs at different sizes. Table I summarizes the energy
consumptions of TCAMs based on the four technologies. The
individual FPU energy consumptions are obtained from the
synthesized 6-stage FPU design [24]. From the table it can be
observed that MTJ-based TCAMs consume much more energy
than even the individual FPU energy especially for large row
numbers. Thus, we will not show the MTJ-based TCAM plot
in later discussions. For the other three TCAM designs, their
energy numbers suggest the potential for improved energy
efficiency when they are integrated in the enhanced GPU
architecture. Using ADD as an example, FeFET-, CMOS- and
ReRAM-based TCAMs achieve 75X, 62X and 19X energy
efficiency at 4 rows compared with the corresponding FPU
energy number. It is also shown that FeFET-based TCAMs
consume the least energy among all designs due to FeFET’s
high Ion and high distinguishability.

Fig. 10 shows the normalized total energy consumption
of the GPU with different TCAM sizes for representative
applications. All the energy curves have a similar energy
trend — at small TCAM sizes, the total energy consumption
of the enhanced GPU architecture decreases as TCAM size
increases, as more frequently referenced input patterns can be
pre-stored in the TCAM, and higher hit rates lead to fewer
FPU operations. After reaching the minimum energy points,
increasing TCAM size does not improve the hit rate enough
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to compensate for higher energy consumption associated with
TCAMs, and the total energy starts to increase. Because of this
we omitted the data of larger (>64-row) sizes From the figure
we conclude that FeFET-based TCAM can achieve more en-
ergy efficiency than CMOS- and ReRAM-based TCAMs in the
enhanced GPU architecture. On average, FeFET-based TCAM
achieves 45% energy savings over the six applications, while
the energy savings of CMOS- and ReRAM-based TCAM are
39% and 32% respectively.

V. CONCLUSION

We exploited the unique properties of FeFET devices to
build and evaluate a compact and energy efficient TCAM
array. Due to the FeFET’s three terminal structure, high on
current and high Ion/Io pF ratio, the design requires 42% less
area overhead than a CMOS-based TCAM, and requires less
energy consumption compared with other existing NV TCAM
designs. We further examined the energy efficiency of FeFET-
based TCAMs over other designs in the context of a TCAM
array as well as an enhanced GPU architecture where TCAMs
are used as the associative memory. From the delay and
energy plots we observe that FeFET-based TCAM achieves
better energy-delay efficiency than other emerging technology-
based TCAM designs (i.e. 7.5X over ReRAM-based TCAM
and 149X over MTJ-based) which indicates potential benefit
in TCAM related applications such as network routers and
switches. As just seen above, improvements also extend to
the GPU architecture. Overall, FeFET-based TCAMs are a
promising candidate for next generation electronics.
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