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ABSTRACT
Content Addressable Memory (CAM) is widely used for associa-
tive search tasks in advanced machine learning models and data-
intensive applications due to the highly parallel pattern matching
capability. Most state-of-the-art CAM designs focus on reducing
the CAM cell area by exploiting the nonvolatile memories (NVMs).
There exists only little research on optimizing the design and en-
ergy efficiency of NVM based CAMs for practical deployment in
edge devices and AI hardware. In this paper, we propose a general
compact and energy efficient CAM design scheme that alleviates the
design overhead by employing just one NVM device in the cell. We
also propose an adaptive matchline (𝑀𝐿) precharge and discharge
scheme that further optimizes the search energy by fully reduc-
ing the 𝑀𝐿 voltage swing. We consider Ferroelectric field effect
transistors (FeFETs) as the representative NVM, and present a 2T-
1FeFET CAM array including a sense amplifier implementing the
proposed𝑀𝐿 scheme. Evaluation results suggest that our proposed
2T-1FeFET CAMdesign achieves 6.64×/4.74×/9.14×/3.02× better en-
ergy efficiency compared with CMOS/ReRAM/STT-MRAM/2FeFET
CAM arrays. Benchmarking results show that our approach pro-
vides 3.3×/2.1× energy-delay product improvement over the 2T-
2R/2FeFET CAM in accelerating query processing applications.
1 INTRODUCTION
Content addressable memories (CAMs) are a promising type of
computing-in-memory (CiM) hardware solutions [1, 2] that address
the memory wall issues presented in Von Neumann machines. Due
to the highly parallel search capabilities, CAMs exhibit great poten-
tials for data-intensive applications nowadays, including machine
learning, neuromorphic computing and lookup tables, etc. [2–8].

Conventional CMOS CAMs [9] suffer from high power con-
sumption and low area density, thus researchers consider building
compact and efficient CAM designs based on emerging non-volatile
memory (NVM) devices, such as resistive RAM (ReRAM) [10], spin
transfer torque magnetic RAM (STT-MRAM) [11] and Ferroelec-
tric field effect transistor (FeFET) [12–14], etc. ReRAMs and STT-
MRAMs featuring with merged variable resistor and non-volatile
storage can encode their low resistance states (LRS)/high resistance
states (HRS) as logic values ‘1’/‘0’, respectively, and thus can replace
CMOS SRAM in building the CAM designs. The three-terminal Fe-
FET devices can function as 1T non-volatile storage and switches
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rather than variable resistors due to their unique hysteresis 𝐼 -𝑉
characteristics, high on-off current (i.e., 𝐼𝑂𝑁 -𝐼𝑂𝐹𝐹 ) ratio and high
OFF resistance, and thus have been promising to build compact
and efficient CAM designs with less area overhead and energy con-
sumption compared with CMOS CAM designs. These NVM based
innovations are mainly dedicated to exploiting NVMs for compact
CAM designs, hence achieve improved area footprints of CAM cells.

However, the energy efficiency, as another critical metric
for the practical usage ofCAMdesigns in power-constrained
edge devices and AI hardware, has not yet been fully opti-
mized. Moreover, multiple NVM devices are employed in afore-
mentioned CAM designs, causing significant design overhead asso-
ciated with the write schemes of NVMs. Specifically, ReRAM based
CAM designs suffer from high search and write energies due to the
low HRS/LRS resistance ratios and current-driven write mechanism.
Since the STT-MRAM exhibits a limited tunnel magneto-resistance
(TMR) ratio, STT-MRAM based CAM cells [11] require extra transis-
tors to facilitate reliable write and search operations, incurring extra
area overhead and degrading the energy efficiency. FeFET based
CAM designs [12] can improve the energy and area efficiency com-
pared with other CAM designs with its electric field driven write
mechanism and compact design. However, further optimization on
energy efficiency and design overhead of FeFET based CAMs still
call for exploration.

To address the design overhead and energy-aware issues of NVM
based CAMs, in this paper, we propose a general compact and
energy efficient CAM design scheme that employs the min-
imum number of NVM, i.e., just one device as storage element
for an efficient design and energy optimization. We consider FeFET
as a representative NVM device, and propose a novel compact and
energy efficient 2T-1FeFET based CAM design which utilizes just
one FeFET to alleviate design overhead associated with the write
scheme, and can be adopted to other NVMs. To further optimize
the search energy overhead associated with MVM based CAM ar-
rays, we propose an adaptive matchline (𝑀𝐿) precharge and
discharge scheme which is implemented by a threshold in-
verter quantization (TIQ) comparator-based sense amplifier
(SA). The proposed 𝑀𝐿 scheme can terminate the 𝑀𝐿 precharge
and discharge, thus achieving reduced voltage swing and improved
energy efficiency. The structures and operations of our proposed
2T-1FeFET CAM design are discussed, and the operation principles
and energy analysis of our proposed𝑀𝐿 precharge and discharge
scheme are illustrated. Evaluation results suggest that our proposed
2T-1FeFET CAM array using adaptive𝑀𝐿 precharge and discharge
scheme can achieve 6.64×/4.74×/9.14×/3.02× better energy effi-
ciency than the CMOS/ReRAM/STT-MRAM/2FeFET CAM. Bench-
marking on the query processing application demonstrates that our
proposed design can achieve 2.5×/2.1× (4.0×/3.3×) speedup/energy-
delay product (EDP) improvement over GPU based associative
memory (AM) compared with 2FeFET(ReRAM) based approach.
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Figure 1: (a) FeFET polarization directions and channel con-
ditions after memory write operations; (b) The FeFET 𝐼𝐷 -𝑉𝐺
characteristics after positive/negative gate write voltages.

Figure 2: Schematic of an M×N CAM array.

2 PRELIMINARIES AND RELATEDWORKS
2.1 FeFET Device and Model
FeFETs which integrate HfO2 as the ferroelectric dielectric become
a competitive candidate for embedded NVM as they are CMOS-
compatible, energy-efficient, and compact [15]. As shown in Fig.
1(a), applying a positive/negative gate pulse will switch the ferro-
electric polarization within the FeFET gate layer to the channel/gate
metal direction, thus setting the FeFET to the low-𝑉𝑇𝐻 /high-𝑉𝑇𝐻
state, respectively. A gate voltage between the low-𝑉𝑇𝐻 and high-
𝑉𝑇𝐻 can be applied to read the stored data (i.e., ‘1’ and ‘0’) through
the drain current (i.e., 𝐼𝑂𝑁 and 𝐼𝑂𝐹𝐹 ). Compared with other NVM
devices, i.e., ReRAM, which require large currents and thus signifi-
cant power during the write, FeFETs exhibit superior write energy
due to the electric field driven write scheme [16].

In this paper, we utilize the experimentally calibrated Preisach Fe-
FET model [17] for the device and circuit simulations. The Preisach
model considers the ferroelectric layer as a film composed of multi-
ple domains with independent 𝑄𝐹𝐸 -𝑉𝐹𝐸 hysteresis loops. By com-
bining the ferroelectric film response and the history tracking with
non-saturated hysteresis loops, the ferroelectric model is developed,
and integrated with an underlying MOSFET model for FeFET. The
model has been calibrated with experiments [17]. Fig.1(b) shows the
𝐼𝐷 -𝑉𝐺 curve of a FeFET with approximately 1V memory window.
2.2 Existing CAM Designs
Fig. 2 shows a NOR-type CAM array. A 𝑀𝐿 is shared by all cells
within the word, and the searchlines (𝑆𝐿s) are used to distribute in-
put bits across the array. The search operation starts with precharg-
ing the𝑀𝐿s, and then applying input to 𝑆𝐿s. When a word match
with input, the𝑀𝐿 remains high, indicating a match. When a word
mismatches with input, 𝑀𝐿 discharges to 0, indicating a mismatch.
Below we review the CAMs that can be adopted in this array.

A conventional CMOS based 10T CAM design [18] is shown
in Fig. 3(a). Fig. 3(b) demonstrates the most common 2T-2R CAM
design which has a compact structure [10]. While the 2T-2R CAM
consumes less area than a conventional CAM design, the write and
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Figure 3: CAM designs based on (a) 10T CMOS; (b) 2T-
2ReRAM; (c) 20T-6MTJ; (d) 2FeFET.
search energies become a major concern due to the low variable
resistance, low HRS/LRS ratios, current-driven write mechanism
associated with large access transistors. A state-of-the-art STT-
MRAM based CAM design as shown in Fig. 3(c) was presented
in [11], exhibiting fast search performance and enhanced search
functionality. However, a number of devices are required to address
the degraded sensing margin caused by the limited TMR ratios of
STT-MRAMs, thus heavily sacrificing the area and energy efficiency.
FeFETs stand out among NVMs due to their high 𝐼𝑂𝑁 /𝐼𝑂𝐹𝐹 ratio,
three-terminal structure, and low 𝐼𝑂𝐹𝐹 . A 2FeFET based CAM has
been proposed [12] as shown in Fig. 3(d), demonstrating improved
performance, energy, and area efficiency over conventional CMOS
based and other NVM based CAMs. Nevertheless, the energy effi-
ciency of such CAM design can still be optimized, and the 2FeFET
structure requires a sophisticated design for the voltage driven
write scheme. Taking the 2FeFET based CAM design as an example,
the precharge energy 𝐸𝑝𝑟𝑒 of an array is expressed as below:

𝐸𝑝𝑟𝑒 = 𝐶𝑀𝐿𝑉𝐷𝐷Δ𝑉 (1)
𝐶𝑀𝐿 ≈ 𝐶𝑃𝑀𝑂𝑆 + 𝑁 × (𝐶𝑐𝑒𝑙𝑙 +𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 )

= 𝐶𝑃𝑀𝑂𝑆 + 𝑁 × (2𝐶𝑑𝑟𝑎𝑖𝑛 +𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 )
(2)

where 𝑉𝐷𝐷 , Δ𝑉 , 𝐶𝑀𝐿 , 𝐶𝑃𝑀𝑂𝑆 , 𝐶𝑐𝑒𝑙𝑙 , 𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 and 𝐶𝑑𝑟𝑎𝑖𝑛 are the
supply voltage,𝑀𝐿 voltage swing, the capacitance associated with
𝑀𝐿, the drain capacitance of the PMOS transistor precharging the
𝑀𝐿, total capacitance of a CAM cell associated with the 𝑀𝐿, the
parasitic capacitance of each cell, and the drain capacitance of a
transistor, respectively. 𝐶𝑐𝑒𝑙𝑙 consists of two drain capacitances.
From Eq. (1) and (2) it can be seen that a potential optimization
method to reduce the precharge energy is to reduce the number of
transistors associated with the𝑀𝐿. Following this method, a novel
energy-aware CAM design based on FeFET that associates one
transistor with the𝑀𝐿 has been proposed in [19]. However, such
CAM design contains 2 FeFETs, resulting in extra design overhead
for the write operation. Moreover, the design is optimized just at
cell level, further optimization on the 𝑀𝐿 has not yet explored.
Therefore, we propose a novel 2T-1FeFET CAM cell that associates
only one FeFET device to 𝑀𝐿 to alleviate the design overhead
regarding the write scheme shown in Fig. 1.
2.3 Energy-Aware ML Optimization Schemes
According to Eq. (1), besides the voltage scaling [20], anothermethod
to optimize the precharge energy is to reduce the voltage swing Δ𝑉



Figure 4: Energy-aware 𝑀𝐿 schemes: (a) early termination
𝑀𝐿 precharge scheme. (b) adaptive ML discharge scheme.

Table 1: Operations of 2T-1FeFET CAM Cell

𝑉𝑤𝑟𝑖𝑡𝑒=4V 𝑉𝑠𝑒𝑎𝑟𝑐ℎ=1V 𝑆𝐿 𝑆𝐿 𝑊𝐿 𝐶𝐿

Write ’1’ 0 0 𝑉𝑤𝑟𝑖𝑡𝑒 𝑉𝑠𝑒𝑎𝑟𝑐ℎ
Write ’0’ 0 0 −𝑉𝑤𝑟𝑖𝑡𝑒 𝑉𝑠𝑒𝑎𝑟𝑐ℎ
Search ’1’ 𝑉𝑠𝑒𝑎𝑟𝑐ℎ 0 𝑉𝑟𝑒𝑎𝑑 𝑉𝑠𝑒𝑎𝑟𝑐ℎ
Search ’0’ 0 𝑉𝑠𝑒𝑎𝑟𝑐ℎ 𝑉𝑟𝑒𝑎𝑑 0

at array 𝑀𝐿s. [21] proposed an early termination 𝑀𝐿 precharge
scheme to eliminate the unnecessary𝑀𝐿 precharge as shown in Fig.
4(a). On the contrary, [22] as shown in Fig. 4(b) proposed an adap-
tive 𝑀𝐿 discharge scheme to eliminate redundant 𝑀𝐿 discharge.
Both improve the energy efficiency by reducing the 𝑀𝐿 voltage
swing. That said, the𝑀𝐿 voltage swing can still be further reduced
regrading the existing schemes. Moreover, neither of the schemes
is feasible for the 2T-2R CAM design in Fig. 3(b), as the 𝑀𝐿s of
the CAM array always discharge regardless of match/mismatch
condition. In this sense, for the NVMs with limited HRS/LRS ra-
tios, applying aforementioned optimization schemes to the CAM
array will result in extra design overhead, making the optimiza-
tion schemes less attractive. Therefore, it is necessary to propose a
holistic co-design approach that considers both the compactness
of the CAM cell and the feasibility of the 𝑀𝐿 optimization scheme
when optimizing the energy efficiency of a CAM array.

In this paper, we propose a novel𝑀𝐿 optimization scheme which
can be combined with the proposed 2T-1FeFET CAM cell to fully
leverage the advantages of both FeFET and the optimization scheme,
and ultimately optimize the energy efficiency of the CAM array.
3 FEFET CAM DESIGN AND OPERATION
3.1 2T-1FeFET CAM Cell
Fig. 5(a) shows the structure of the proposed 2T-1FeFET CAM cell,
which consists of one FeFET (𝑀0) and two NMOS transistors (𝑇1
and𝑇2).𝑀0 and𝑇1 are connected in series, forming a voltage divider,
which is supplied by searchlines 𝑆𝐿 and 𝑆𝐿. As will be explained
later, this voltage divider can realize an XOR operation between the
search data and stored words, such that the internal node 𝐷 voltage
will be high only when mismatch happens, otherwise the 𝐷 voltage
will be low upon a match. Node 𝐷 connects to the gate of an NMOS
(i.e., 𝑇2) which can implement the required XNOR operation in the
CAM cell such that when mismatch happens the𝑀𝐿 discharges.

The operations of the 2T-1FeFET CAM cell are explained in
5(b). When bit ’1’ is searched, the 𝑆𝐿 and 𝑆𝐿 will be high and low,
respectively. Therefore, the node 𝐷 voltage during search ’1’ is:

𝑉𝐷,𝑆𝑟1 =
𝑉𝑠𝑒𝑎𝑟𝑐ℎ𝑅𝑀0
𝑅𝑀0 + 𝑅𝑇 1,𝑆𝑟1

(3)

where 𝑉𝑠𝑒𝑎𝑟𝑐ℎ is the 𝑆𝐿 voltage, 𝑅𝑇 1,𝑆𝑟1 is the 𝑇1 transistor resis-
tance during search ’1’; 𝑅𝑀0 is the FeFET resistance, which could be
either 𝑅𝑙𝑜𝑤 or 𝑅ℎ𝑖𝑔ℎ , depending on the FeFET𝑉𝑇𝐻 state. Therefore,

when state ’1’ is stored (i.e., low-𝑉𝑇𝐻 or 𝑅𝑙𝑜𝑤 ), node 𝐷 voltage is
𝑉𝐷,𝑆𝑟1𝑆𝑡1 =

𝑉𝑠𝑒𝑎𝑟𝑐ℎ𝑅𝑙𝑜𝑤

𝑅𝑙𝑜𝑤 + 𝑅𝑇 1,𝑆𝑟1
(4)

When state ’0’ is stored (i.e., high-𝑉𝑇𝐻 or 𝑅ℎ𝑖𝑔ℎ), node 𝐷 voltage is

𝑉𝐷,𝑆𝑟1𝑆𝑡0 =
𝑉𝑠𝑒𝑎𝑟𝑐ℎ𝑅ℎ𝑖𝑔ℎ

𝑅ℎ𝑖𝑔ℎ + 𝑅𝑇 1,𝑆𝑟1
(5)

Therefore, by choosing an appropriate bias for transistor 𝑇1, its
resistance𝑅𝑇 1,𝑆𝑟1 can be set in between𝑅𝑙𝑜𝑤 and𝑅ℎ𝑖𝑔ℎ and thus the
corresponding 𝑉𝐷,𝑆𝑟1𝑆𝑡1 and 𝑉𝐷𝑆𝑟1𝑆𝑡0 is below and above the 𝑉𝑇𝐻
of transistor 𝑇2, respectively. In this way, the match and mismatch
operations are realized.

Similarly, when bit ’0’ is searched, the voltages on the 𝑆𝐿 and 𝑆𝐿
are reversed. The node 𝐷 voltage is:

𝑉𝐷,𝑆𝑟0 =
𝑉𝑠𝑒𝑎𝑟𝑐ℎ𝑅𝑇 1,𝑆𝑟0
𝑅𝑀0 + 𝑅𝑇 1,𝑆𝑟0

(6)

By setting the𝑇1 resistance, 𝑅𝑇 1,𝑆𝑟0 between 𝑅𝑙𝑜𝑤 and 𝑅ℎ𝑖𝑔ℎ , the
node 𝐷 voltage for stored ’1’

𝑉𝐷,𝑆𝑟0𝑆𝑡1 =
𝑉𝑠𝑒𝑎𝑟𝑐ℎ𝑅𝑇 1,𝑆𝑟0
𝑅𝑙𝑜𝑤 + 𝑅𝑇 1,𝑆𝑟0

(7)

and node 𝐷 voltage for stored ’0’

𝑉𝐷,𝑆𝑟0𝑆𝑡0 =
𝑉𝑠𝑒𝑎𝑟𝑐ℎ𝑅𝑇 1,𝑆𝑟0
𝑅ℎ𝑖𝑔ℎ + 𝑅𝑇 1,𝑆𝑟0

(8)

will be above and below the 𝑉𝑇𝐻 of transistor 𝑇2, respectively. It
therefore realizes the correct search functionality for searching ’0’.
Fig. 5(c) shows the waveforms of the proposed 2T-1FeFET CAM
cell which stores logic ’1’. The node 𝐷 voltage is only high when
mismatch happens, validating the CAMoperation. Our proposed 2T-
1FeFET CAM cell associates only one transistor to the𝑀𝐿, resulting
in𝑀𝐿 capacitance reduction. The modified 𝐶𝑀𝐿 equation is:

𝐶𝑀𝐿 ≈ 𝐶𝑃𝑀𝑂𝑆 + 𝑁 × (𝐶𝑑𝑟𝑎𝑖𝑛 +𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 ) (9)
Therefore, 2T-1FeFET CAM cell decreases the precharge overhead
of the 𝑀𝐿 by reducing 𝑀𝐿 capacitance compared with existing
precharge-based CAMs. The FeFET device count reduction also al-
leviates the design overhead when considering the write operation.

Table 1 summarizes the write and search operations of the pro-
posed CAM cell. Since the cell has only one FeFET as a storage
element, write operation can be completed in only one step. Towrite
a logic ’1‘ or ’0‘, 𝑉𝑤𝑟𝑖𝑡𝑒 or −𝑉𝑤𝑟𝑖𝑡𝑒 is applied to𝑊𝐿, respectively,
while 𝑆𝐿 and 𝑆𝐿 are grounded. It is worth noting that irrespective
of writing logic ’1’ or logic ’0’,𝑉𝑠𝑒𝑎𝑟𝑐ℎ , or𝑉𝐷𝐷 , is applied to𝐶𝐿 and
ground is applied to 𝑆𝐿. Therefore, node 𝐷 voltage is well defined
at ground during the write. With these write configurations to the
cell, desired data is written into the FeFET.

Based on these analyses, it can readily be seen that the proposed
CAM cell is a general design that can be applied beyond the FeFET
and to other NVMs as well, such as ReRAM and PCM, etc. This
is because the voltage divider only requires the existence of two
resistance states of NVM, not relying on any specific technology.
Another good feature is that 𝑇1 can act as the access transistor for
the memory element during the write operations, especially for
two-terminal resistive memories. In addition, it can solve the issue
of limited ratio of some resistive memory (i.e., 𝑅ℎ𝑖𝑔ℎ/𝑅𝑙𝑜𝑤 ≈ 100 in
ReRAM and PCM) by amplifying through the action of transistor
(i.e., 𝑇2). By inducing a small voltage difference in node 𝐷 (e.g.,
≈ 0.5𝑉 ), a large ratio of𝑀𝐿 discharge current (e.g., ≈ 104) between
the mismatch and match can be obtained. Therefore, it represents
a general solution for compact, energy-efficient CAM design.
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Figure 5: (a) Schematic and (b) operations of 2T-1FeFET CAM cell; (c) Transient waveforms of 2T-1FeFET CAM cell stored ’1’.

Figure 6: (a) Architecture of an M*N 2T-1FeFET CAM array; (b) TIQ comparator; (c) Output peripheral circuit.
3.2 2T-1FeFET CAM Array
Fig. 6(a) shows the proposed 2T-1FeFET CAM array. The array in-
cludes the CAM core of 𝑀 × 𝑁 size, the write/search buffer, the
wordline driver, the SAs and peripheral circuitry. The searchlines
(i.e., 𝑆𝐿s) and control lines (i.e., 𝐶𝐿s) are shared by the cells within
the same column, while the wordlines (i.e.,𝑊𝐿s) connect the cells
within the same rows. The SA detects the 𝑀𝐿 voltage, and out-
puts the match/mismatch result, denoted as 𝑆𝐴𝑂 . Fig. 6(b) and (c)
demonstrate the SA, which contains a TIQ comparator [23] and
two logic gates. The TIQ comparator where two inverters are cas-
caded is driven by a reference voltage 𝑉𝑟𝑒 𝑓 to compare 𝑀𝐿 voltage
𝑉𝑀𝐿 with the threshold voltage of inverter. The𝑂𝑅 and𝐴𝑁𝐷 gates
generate 𝑃𝐷1 and 𝑃𝐷2 control signals. When both 𝐶𝐿𝐾 and 𝑆𝐴𝑂
are low, 𝑃𝐷1 will be low, and precharge𝑀𝐿. When both 𝐶𝐿𝐾 and
𝑆𝐴𝑂 are high, 𝑃𝐷2 will be high, and pulldown𝑀𝐿. Note that the
𝑀𝐿𝐺 node of the CAM cells within a word is grounded via a pull-
down transistor which is gated by 𝑃𝐷2 signal. The gate of the𝑀𝐿
precharge PMOS transistor is controlled by 𝑃𝐷1 signal.

For thewrite operation, we apply𝑉𝑤𝑟𝑖𝑡𝑒/2 inhibition bias scheme
to all𝑊𝐿s associated with unselected rows and 𝑆𝐿s associated with
unselected columns to avoid write disturbance [24]. During the
search, the 𝑀𝐿s of the array are first precharged by 𝑃𝐷1 signals,
and then 𝑃𝐷2s turn on the pulldown transistors, connecting the
CAM cells to ground via 𝑀𝐿𝐺s. All 𝑊𝐿s are activated and the
𝑆𝐿/𝑆𝐿𝑠 , 𝐶𝐿𝑠 are set to the search voltages according to the input
data as summarized in Table 1. Upon a mismatch, the discharging
path is turned on, discharging the𝑀𝐿 to ground via the mismatched
CAM cells and the pulldown transistor. Upon a match, the𝑀𝐿 stays
at high as there exists no discharging path. The TIQ comparator
compares 𝑉𝑀𝐿 with the threshold voltage, and generates output
signal. Below we illustrate the detailed search operations using our
proposed adaptive𝑀𝐿 precharge and discharge scheme.

Figure 7: (a) Proposed adaptive 𝑀𝐿 precharge and discharge
scheme and (b) corresponding simulation waveforms.
3.3 Adaptive ML Precharge & Discharge
Fig. 7(a) shows the proposed adaptive 𝑀𝐿 precharge and discharge
scheme. It starts with 𝑀𝐿 precharge at timepoint (1). However,
instead of precharging the 𝑀𝐿 to supply voltage, the precharge
is terminated when the SA detects that 𝑉𝑀𝐿 exceeds a threshold
voltage. The search operation then starts at timepoint (2). When
a match occurs, 𝑀𝐿 stays at its voltage level. Upon a mismatch,
𝑀𝐿 is discharged. Similarly, SA will shut down the discharge path
to terminate the discharge once 𝑉𝑀𝐿 falls below the threshold
voltage. As such, the proposed scheme saves the precharge energy
by reducing the voltage swing to small Δ𝑉 according to Eq. (1).

Fig. 7(b) shows the corresponding transient waveforms of the
CAM array and the SA. During the precharge of search operation,
the𝑀𝐿 voltage 𝑉𝑀𝐿 is lower than the threshold voltage 𝑉𝑡ℎ , thus
the TIQ comparator output 𝑆𝐴𝑂 is low. The clock signal𝐶𝐿𝐾 , 𝑃𝐷1



Figure 8: Energy and delay of proposed 2T-1FeFET CAM ar-
raywith different (a)𝑉𝐷𝐷 and (b)𝑉𝑟𝑒 𝑓 , respectively. (c) Search
energy and (d) delay with different wordlength.

Figure 9: Transient waveforms of the 2T1-FeFET CAM array
upon device variability.
and 𝑃𝐷2 are all at low level, turning off the pulldown transistor, and
turning on the precharge PMOS, respectively, the𝑀𝐿 is precharged.
Once𝑉𝑀𝐿 is precharged to exceed𝑉𝑡ℎ , 𝑆𝐴𝑂 rises to high level, and
drives 𝑃𝐷1 to high level, thus terminating the precharge. When
search starts, 𝐶𝐿𝐾 and 𝑆𝐴𝑂 are at high level, thus 𝑃𝐷2 is driven
to high level, turning on the pulldown NMOS transistor. Upon a
match,𝑀𝐿 remains at high, and 𝑆𝐴𝑂 stays at high level, indicating
a match. When a mismatch occurs,𝑀𝐿 is discharged by a pulldown
path from𝑀𝐿 to ground. Once 𝑉𝑀𝐿 is discharged below 𝑉𝑡ℎ , 𝑆𝐴𝑂
becomes 0, thus 𝑃𝐷2 is driven to 0. As a result, the pull down
transistor is turned off, and terminates the discharge.
4 EVALUATION
4.1 CAM Array Evaluation
Here we conduct the evaluations of our proposed 2T-1FeFET CAM
array with SPECTRE using the Preisach FeFET model [17]. The
write voltage for the 2T-1FeFET CAM is ±4V. The 45nm PTMmodel
[25] is adopted for all MOSFETs with TT process corner at 25◦C.
We assume the minimum sized transistors in order to reduce power.
Wiring parasitics for 45nm technology node are extracted from
DESTINY [26]. The wordlength is 64. The search delay is measured
for the worst case, where there is only one-bit mismatch.

Fig. 8(a) and (b) show the energy and delay of a word of the
proposed 2T-1FeFET CAM array under 𝑉𝐷𝐷 and 𝑉𝑟𝑒 𝑓 scaling, re-
spectively. The search energy of the array mainly consists of two
parts: (i) the precharge energy associated with the 𝑀𝐿s, and (ii)
SA energy consumption. The𝑀𝐿 prechage energy is dependent on
the 𝑀𝐿 associated capacitance and the voltage swing per Eq. (1),
while the SA energy consumption is dominated by the TIQ com-
parator. As shown in Fig. 8(a), as 𝑉𝐷𝐷 scales down, the precharge
strength is weakened, lowering down the upper bound of voltage
swing. Then the reduced𝑀𝐿 voltage swing results in the decreasing

Table 2: Metric Comparison Summary of CAM Designs

Reference [18] [10] [11] [12] This work
Technology CMOS ReRAM STT-MRAM FeFET FeFET

Transistors/cell 10T 2T-2R 20T-6MTJ 2FeFET 2T-1FeFET
Cell size(𝜇𝑚2) 3.3★ 0.41† 18.05 0.15 0.36
Search delay 1.07ns 350.6ps 170ps 340.8ps 401.4ps

Energy 0.77 0.55 1.06 0.35 0.116
[fJ/bit/search] 6.64X 4.74X 9.14X 3.02X 1X

★: The 10T CMOS CAM cell size is implemented using a standard 65 nm/1.2 V CMOS process.
†: The 2T-2R ReRAM based CAM cell is based on 90nm.
of precharge energy and the search delay. However, the reduced
voltage swing implies that 𝑉𝑀𝐿 swings around the threshold volt-
age of TIQ comparator, and the near-threshold 𝑉𝑀𝐿 tends to keep
the comparator transistors conducting current, resulting in higher
static power consumption. Therefore, the change in total energy
consumption is negligible. On the contrary, scaling 𝑉𝑟𝑒 𝑓 down will
slow down the response speed of TIQ comparator, causing longer
precharge and discharge time. This results in larger voltage swing,
thus larger search delay and precharge energy as shown in Fig.
8(b). Overall, the total energy change is negligible. Based on above
analysis, scaling 𝑉𝑟𝑒 𝑓 down reduces the SA energy consumption at
the cost of increasing voltage swing. This can be partly addressed
by scaling𝑉𝐷𝐷 down to lower down the upper bound of the swing.

According to the voltage scaling analysis, we use the lowest
operating 𝑉𝐷𝐷 (=0.6V) and 𝑉𝑟𝑒 𝑓 (=0.6V). Fig. 8(c) and (d) shows the
search energy and delay of the proposed 2T-1FeFETCAMarraywith
varying wordlength. As the wordlength increases, the associated
𝑀𝐿 capacitance increases, slowing down the precharge/discharge
speed, and resulting in an increase of search delay. The increasing
capacitance also leads to larger precharge energy per word. How-
ever, increasing wordlength has negligible impact on the SA energy
consumption, which is dependent on the TIQ comparator. In this
sense, the search energy per bit is decreased as shown in Fig. 8(c).

Table 2 summarizes the metrics of 2T-1FeFET CAM and other
CAMs, such as the technology, device count per cell, cell size, search
delay and search energy per bit per search. The cell sizes are esti-
mated based on a 2X2 2T-1FeFET CAM array layout. The cell size
of the proposed 2T-1FeFET CAM is 10.9% of the conventional 10T
CMOS CAM. Less area overhead of the proposed CAM leads to less
parasitic capacitance associated with𝑀𝐿, resulting in less search
energy and search delay. With the novel 1FeFET based CAM design
and the proposed adaptive precharge and discharge scheme, our
proposed 2T-1FeFET CAM is 6.64× and 2.67×more energy efficient
and faster than 10T CMOS CAM design, respectively. Due to the
scaling 𝑉𝐷𝐷 and 𝑉𝑟𝑒 𝑓 for the reduced voltage swing and search
energy, our approach is a bit slower than 2T-2R and 2FeFET CAMs,
which is still acceptable, as our proposed CAM design achieves
4.74×/3.02× more energy efficiency than 2T-2R/2FeFET CAM de-
signs. While the search delay of STT-MRAM CAM is 58% less than
our proposed CAM, the cell size of the our proposed CAM cell is just
1.99% of that of the STT-MRAMCAM, thus incurring a huge density
advantage that can compensate the slightly degraded performance.
Our proposed 2T-1FeFET CAM is 9.14× more energy efficient than
20T-6MTJ CAM design. These results validate the efficiency of our
2T-1FeFET CAM array with adaptive𝑀𝐿 precharge and discharge
scheme for data-intensive search applications.

We also validate the robustness of our proposed 2T-1FeFET CAM
design and the𝑀𝐿 scheme. FeFET devices are assumed an experi-
mental variability with 𝜎=54mV for the low/high 𝑉𝑇𝐻 state [27],
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Figure 10: Query processing: performance and energy-delay
product of CAM-based solutions compared to GPU.

and CMOS with 5% size variation. Fig. 9 shows the transient wave-
forms of𝑀𝐿 with process variations included in the proposed CAM
array during the search operations. The 200 Monte Carlo simu-
lations in Fig. 9 show that the proposed 2T-1FeFET CAM array
enables error-free search, suggesting the reliability and robustness
of our proposed design and optimization methods.
4.2 CAM based AM Benchmarking
We further benchmark our proposed approach in associative mem-
ory based applications. Query processing executes a query over the
stored data of file systems in a step-wise process [28]. It generally
has two main steps: query filtering and query execution. The query
filtering is a search operation that identifies the memory blocks
that contain the required information of the query. In conventional
processors, e.g., CPU, the query runs over a large amount of data
stored in memory, resulting in significant data movement between
memory and processing cores [28, 29]. The most common operation
in many query processors is looking up a set of data that matches
the input. A typical search query involves a brute-force search
through a CAM storing the data. This is typically implemented in
(i) word-by-word search and (ii) bit-by-bit search. A word-by-word
search looks through every stored word in the CAM sequentially to
find a match. In the worst case, it involves processing every element
in the CAM. The bit-by-bit search scans one bit with the same index
for multiple words at a time. This exact search operation supports
several important queries: (1) check the specific data existence in
the database, (2) get the number of rows that match certain criteria,
and (3) find the existence of a pattern of data in the rows.

Fig. 10 compares the efficiency of different CAM architectures
accelerating the query processing. All results are respective to the
same query running on NVIDIA GTX 1080 GPU. For fairness, all
evaluations are performed when all CAM-based solutions are pro-
viding the same chip area. In contrast to GPU that supports a limited
amount of parallelism, CAMs support row-parallel searches, which
enable accelerating multiple queries over the stored data in memory.
Particularly, CAM-based search provides parallelism substantially
over large-scale data that directly translates to faster and more
efficient computation. The efficiency comes from CAM capability
in addressing data movement issues by eliminating data transfer
between off-chip memory and GPU cores. Evaluation on 1GB data
shows that our 2T-1FeFET CAM provides 12.4× faster computation
than GPU. This performance speedup increases to 38.2× and 54.5×
when data size increases to 16GB and 32GB, respectively.

Comparing different CAM-based solutions, the computation effi-
ciency depends on cell density and search efficiency. Due to the low
cell density of CMOS and STT-MRAM, FeFET-based CAM solutions
offer higher computation efficiency. Although ReRAM has higher
density than CMOS and STT-MRAM based CAMs, it consumes
more energy than FeFET-based CAMs. Due to the energy efficiency

at array level, our CAM provides 2.5× and 2.1× (4.0× and 3.3×)
faster and higher search EDP improvement over 2FeFET (ReRAM)
CAM in accelerating query processing applications.
5 CONCLUSION
In this paper, we propose a general compact and energy efficient
CAM design that employs the minimum number of NVM as storage
element to alleviate the design overhead and optimize the search
energy. We propose a novel 2T-1FeFET CAM design which utilizes
just one FeFET and can be adoped to other NVMs. We then propose
an adaptive𝑀𝐿 precharge and discharge scheme implemented by a
TIQ comparator based SA for further energy optimization. Evalua-
tion results and query processing application benchmarking suggest
that our proposed 2T-1FeFET CAM array with 𝑀𝐿 optimization
scheme achieves better energy efficiency and performance when
compared with other state-of-the-art CAM approaches.
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