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Abstract: This paper presents an effective approach for
implementing content address memory (CAM) based on Non-
volatile random-access memory (NV-RAM) technologies. We
used the 2T-2R bitcell structure implemented on a 65nm
CMOS process with a special in-memory matching circuit
for realizing low-delay and energy-efficient lookup operations.
The simulation results on Synopsys HSPICE indicate that the
proposed CAM design can achieve a search error rate of
0.03-4.61%, search energy per bit of 4.36-6.47 fJ, and an
extremely small search latency varying from 0.11-0.12 ns
depending on the specific design configurations.

Keywords: In-memory computing, NV-RAM, NV-CAM, CAM
matching circuit, high-speed.

I. INTRODUCTION

Recently, Content Addressable Memory types (CAM/
TCAM, later collectively referred to as CAM) [1] have
been widely used in applications that require the capa-
bility of high-speed access as well as real-time intense
processing. Instead of receiving address and returning data
as in traditional memories, CAM receives input patterns
and returns the corresponding address of the data being
stored, providing high-frequency lookup operations with the
cost of integrated density and standby power consumption.
The comparison with an input pattern is performed in
parallel in a single clock cycle across all the rows of storage
data, which are arranged by a lookup-table structure. In
general, CAM is a type of associated memory, due to
the outstanding characteristic of lookup speed, commonly
used in massive pattern search applications such as network
routers, searching engines or virus checkers, and so on.

The basic structure of a CAM is depicted in Fig. 1(a) and
usually consists of two main components: a matrix of CAM
cells that stores data patterns, where the number of columns
equals the width of the search pattern, and a Priority Figure 1. The basic structure and operations of a CAM.
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Encoder (PE), which is used to select the address of the row
with the highest priority among the similar rows that match
the input pattern word. The CAM implementation diagram
is shown in Fig. 1(b), where the stored words are arranged
in rows, and each of those (a.k.a arrays) is connected to a
single Match Line (ML), indicating that the search pattern
and stored one at this location are identical (matched case)
or different (mismatched case). The MLs are fed into the
PE, which is normally responsible for selecting the most
suitable position (with the highest priority) among them
where the matched cases are found, normally the CAM
row with the lower address will have a higher priority.
Thus, simply, the CAM circuit receives at the input an N-
bit search pattern and returns at the output the matching
position of this pattern with a correspondingly selected
stored word, either from a large input data space obtain a
smaller data space at the output indicating the matching
case in the CAM database. Finally, a practical CAM-
application circuit model is depicted in Fig. 1(c) based on
the diagram in Fig. 1(b) with additional peripheral circuits,
including a sense amplifier at the output of the MLs (Match
Line Sense Amplifiers - MLSAs) and a circuit that controls
the operation of the search lines (Search Line Drivers). Each
bit of the pattern word is stored in a CAM cell, which of
the same column is connected to a pair of complementary
Search Lines (𝑆𝐿, 𝑆𝐿). The lookup process in the CAM
database starts from loading the search pattern into Search
Line Drivers, followed by the high-level pre-charging for
all the MLs, setting the matched state for all of them as
well as the whole CAM arrays. In the next step, Search
Line Drivers distribute search patterns through all the SL
pairs, each CAM cell compares its stored bit with the value
on the correspondingly connected SL pair. The comparison
results of all CAM cells on the same row determine the final
logical state of the MLs, which is then fed into the MLSAs.
MLs whose all cells are matched retain high-prechanged,
otherwise, they will be discharged to the ground if at
least one cell is mismatched. The matching state of the
MLs is determined by the sense amplifiers, they provide
input signals to the PE to decide where the highest-priority
matched location for the input search pattern.

CAM design challenges

The main design parameters that affect the performance
of CAMs include the following: Energy, Area, Speed
(latency), and Reliability, which are also challenges [2]
when designing specific CAM applications. These param-
eters have different importance depending on the specific
application, so it is necessary to determine which challenge
as well as design parameter has the highest priority to
optimize in an actual scenery. The energy consumed for
the CAM operations is primarily composed of energy

dissipated in ML, SL, and PE, as well as dissipated energy
caused by leakage current, access transistors, decoders,
search line drivers, and ML precharge circuits. Saving
energy in CAM circuit design is a primarily critical research
problem. Several innovations in CAM design improvement
have recently been proposed such as a promising memory
technology called Priority-Decision in Memory (PDM)
[3] that eliminates the need for PEs to identify matched
patterns, thereby significantly saving the search energy
consumption; the precharge-free CAM schemes [4], which
overcome the drawbacks of precharge-based designs and
also improve performance during the search by reducing
half of the ML evaluation time. The area (footprint) of the
CAM array mainly depends on the area of the storage bit-
cell. CAM based on a dynamic storage mechanism similar
to the DRAM has been proposed to reduce the footprint
but at the cost of refresh power and expensive process
technology. Thus, several emerging memory technologies
(discussed below in this section) have been proposed to
address challenges for CAM both in terms of energy and
area. The speed of the CAM is inversely proportional to
the delay, which consists of two main components: the
match delay and the delay of the PE. The match delay
depends on several factors such as bitcell topology (NAND
or NOR), ML capacitance, array (word) size, and the search
pattern, which can be improved by a few techniques such
as lowering the loading capacitance and ML voltage [5];
pipelined ML [6]. Meanwhile, multiple match detection
(MMD) circuits and priority encoders (PEs) have been
proposed and employed in TCAM chips [7], which show
a great improvement not only in speed but also in the
energy consumption of PE. Finally, the reliability of CAM
is mainly governed by the characteristics of the memory
employed for data storage, where RRAM or PCRAM
typically suffer from poor endurance which limits the
reliability of the CAM cells. In general, the reliability of
CAM using CMOS is limited by the aging mechanisms of
transistors, specifically, negative bias temperature instability
(NBTI), positive bias temperature instability (PBTI), and
time-dependent dielectric breakdown (TDDB), impacts of
NBTI and PBTI effects on ternary CAM and solutions to
reduce their aging effects are proposed in [8], [9].

Emerging CAM technologies

In previous decades, materials for CAM fabrication are
mainly based on SRAM technology [10] (herein called
S-CAM) with a cross-coupled inverter structure which
offers fast read/write speeds and relatively high reliability
but is associated with some major disadvantages such as
large-power dissipation for both storage and search opera-
tions, non-zero standby energy consumption, low integra-
tion density in addition to the high cost. More specifically,
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besides the large cell area caused by a large number of
transistors (most of which employ 16 transistors per cell),
S-CAM also suffers from high standby power induced by
the increasing leakage current, especially when the process
of technology shrinks below 45 nm, which has become
a major barrier for the compact battery-operated devices.
To solve these problems, the researchers proposed using
emerging non-volatile memories (NV-CAM) as an alter-
native to S-CAM, although there are many challenges in-
volved in realizing NV-CAM in mass production and some
limitations compared to the previous technology (S-CAM)
in terms of search speed and reliability. Emerging non-
volatile technologies [11] such as Resistive RAM (RRAM),
Magnetoresistive RAM (MRAM), Ferroelectric RAM
(FeRAM), and Phase-change RAM (PCRAM) are capable
of providing excellent solutions for bitcell area and energy
efficiency. On the one side, NV-CAM reduces the number
of transistors in a bitcell by replacing them with alterna-
tive storage elements, on the other side, being nonvolatile
energy, the power consumption of NV-CAM is reduced by
effectively blocking its leakage currents during the idle
mode, making zero standby power. However, NV-CAM
cells suffer from low reliability during search operations
because the ML voltage difference (Delta) between the
matched and mismatched cases is much smaller than that of
the S-CAM cell. There exists a constraint when designing
NV-CAM, in which to improve the reliability of NV-
CAM it is necessary to increase the value of Delta, which
depends on resistance ratio and process variation. To reduce
process variation, the size of transistors should be increased,
leading to cell area and power overheads. A recent study
[12] revealed that PCRAM is the most energy-consuming
memory with a medium bitcell area, whereas RRAM,
which has inherent limitations in endurance compared to the
virtually infinite endurance of other emerging non-volatile
memories, has a wide spectrum of cell area values, and
generally consumes less energy than PCRAM. Mag-
netic RAM, typically Spin-Torque Transfer MRAM (STT-
MRAM), with low energy consumption, relatively small
bitcell area also as high integration density, excellent
CMOS compatibility, and extreme long-endurance (∼ 1016),
represents a promising candidate for CAM in the future
compared to the other options [13], [14].

Notable CAM designs related to this work

The design of an NV-CAM circuit to perform
data search and comparison operations with dependable
reliability, high speed, low energy consumption, and small
area occupancy is becoming increasingly essential for
In-Memory Computing (IMC) applications. A variety of
NV-CAM cell structures has been proposed to over-
come the above-mentioned limitations of S-CAM including

2T-2R NV-CAM cell [15], 2.5T-1R NV-CAM cell [16],
3T-2R NV-CAM cell [17], 4T-2R NV-CAM cell [18].
These NV-CAM cell designs, so-called first class, have in
common the use of a small number of transistors, ranging
from 2T to 4T, which gives the advantage of cell area.
In addition, most of them achieve very good results in
terms of average energy consumption for search operations,
but no metrics regarding their reliability (i.e. Search Error
Rate - SER) have been revealed. The second class of
CAM-cells that are considered in this paper has rather
large bitcell structures, including 9T-2R NV-CAM cell [19],
10T-4R NV-CAM cell [20], and 15T-4R NV-CAM cell
[21]. Despite their large size, compared to the cells in
first class, these NV-CAM cells have surprising results in
the speed of look-up operations, which is demonstrated
through the sensing delay. The third class consists only of
a 16T-CAM cell based on traditional SRAM memory [22],
which is the best S-CAM design published with outstanding
reliability (absolute zero SER) and competitive figures on
search energy also as sensing delay.

From all of the presented CAM-cell classes, some im-
pressive designs have achieved excellent results only on a
single design parameter, but almost none of the proposals
can balance all the design criteria, which is needed for
applicability. For example, design [15] is the best in the
cell area but also has the worst sensing delay, while design
[21] and design [22], possessing excellent results on search
energy and sensing delay respectively, are the worst designs
in the cell area. The restrictions on some design parameters
in the prior works [15]-[22] are the fundamental motivation
for us to offer a balanced solution for the NV-CAM
structure that can meet most of the aforementioned design
criteria at an acceptable cost. In this paper, we propose a
compact 2T-2R NV-CAM cell and a reliable in-memory
matching circuit that employs the proposed cell for CAM
applications which ensures very small SERs, the lowest
search latencies with relatively low cost of search energies.

The main contributions of our work can be summarized
as the followings:

• An in-memory matching circuit based on the 2T-2R
NV-CAM cell structure which performs low-latency
massive parallel lookup operations.

• A variety of evaluations on the reliability of the
proposed design based on the SER value and sensing
margin of the ML voltage against the effects of process
variation using Monte Carlo simulations.

• An in-depth analysis of all design criteria and compar-
isons with other proposed CAM cells that employed
traditional SRAM also as various emerging memory
technologies including RRAM, PCRAM, and MRAM.

The remainder of the paper is organized as follows:
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Figure 2. The structure of the proposed 2T-2R NV-CAM cell.

Section II proposes the 2T-2R bitcell configuration and the
NV-CAM array architecture for the in-memory matching
circuit. The impacts of process variations on the pro-
posed design are analyzed by Monte Carlo simulation and
presented in Section III. Design evaluation and comparison
with several prior works are considered in Section IV.
Section V concludes this work.

II. THE PROPOSED DESIGN FOR THE NV-CAM
MATCHING CIRCUIT

A. 2T-2R NV-RAM Bitcell For In-Memory Matching
circuit

Our proposed configuration in the bitcell level for STT-
MRAM-based CAM is illustrated in Fig. 2, which can be
extended to other NV-RAM devices (RRAM, PCRAM).
Similar to the structure in [23], [24], a complementary
bitcell structure is adopted here, which represents one
stored bit in the CAM word, the complement BL to feed
the search pattern bit, and the match line ML is left floating
and will be used as the sensing node.

The proposed bitcell can perform a single XNOR
function as described in the following. The two
magnetic tunnel junctions (𝑀𝑇𝐽0, 𝑀𝑇𝐽1) of STT-MRAM
are programmed to be low (𝑅𝑃) and high (𝑅𝐴𝑃) or revise,
which is respected to ’1’ and ’0’ values and will be
used as the stored bit B in the CAM word. Similarly,
𝐵𝐿0 and 𝐵𝐿1 are complementarily assigned to be
(𝑉𝐵𝐿 , 0) or (0, 𝑉𝐵𝐿), respectively representing ’1’ and ’0’
of the input search pattern.

The gate of the access transistors 𝑀1 and 𝑀2 are
connected to the word line WL, and the source is con-
nected to the match line ML, two transistors are iden-
tical. It is obvious that this structure (1, 1) and (0, 0)
combinations result in the same circuit, so as for (1, 0)
and (0, 1). Therefore this circuit can perform the XNOR
function, which is adopted as the matching operation
(comparing the stored words with search pattern input) in
the CAM applications.

The match line voltage 𝑉𝑀𝐿 generated by a single bitcell
being activated within a matchline can be represented
through the Norton equivalent circuit theorem [25].

For a single bitcell under a ’1’ (’0’) input search pattern
SP, 𝑉𝐵𝐿,0 = 𝑉𝐵𝐿 and 𝑉𝐵𝐿,1 = 0 (𝑉𝐵𝐿,0 = 0 and
𝑉𝐵𝐿,1 = 𝑉𝐵𝐿) and the bitcell short-circuit current 𝐼𝑏𝑖𝑡𝑐𝑒𝑙𝑙 is
expressed as:

𝐼𝑏𝑖𝑡𝑐𝑒𝑙𝑙 (𝑆𝑃 = 1) =
{

𝑉𝐵𝐿

𝑅𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠,0
𝑖 𝑓 𝐵 = 1

𝑉𝐵𝐿

𝑅𝐴𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠,0
𝑖 𝑓 𝐵 = 0

(1)

𝐼𝑏𝑖𝑡𝑐𝑒𝑙𝑙 (𝑆𝑃 = 0) =
{

𝑉𝐵𝐿

𝑅𝐴𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠,1
𝑖 𝑓 𝐵 = 1

𝑉𝐵𝐿

𝑅𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠,1
𝑖 𝑓 𝐵 = 0

(2)

The overall resistance 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙 seen from the ML terminal
of the bitcell equals to (𝑅𝑀𝑇𝐽,0 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠,0) | | (𝑅𝑀𝑇𝐽,1 +
𝑅𝑎𝑐𝑐𝑒𝑠𝑠,1). By considering that 𝑅𝑎𝑐𝑐𝑒𝑠𝑠,0 = 𝑅𝑎𝑐𝑐𝑒𝑠𝑠,1 =

𝑅𝑎𝑐𝑐𝑒𝑠𝑠 , from Eq. 1-2 the resulting voltage 𝑉𝑀𝐿 for an
isolated active bitcell at position (i, j) within the memory
array is:

𝑉𝑀𝐿 = 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙 · 𝐼𝑏𝑖𝑡𝑐𝑒𝑙𝑙,𝑖 𝑗 =
𝑉𝐵𝐿

𝑋𝑖 𝑗

(3)

where 𝑋𝑖 𝑗 is defined as:

𝑋𝑖 𝑗 =

{
𝑅𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠

𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙
𝑖 𝑓 𝐵𝑖 𝑗 ⊕ 𝑆𝑃𝐽 = 1

𝑅𝐴𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠

𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙
𝑖 𝑓 𝐵𝑖 𝑗 ⊕ 𝑆𝑃𝐽 = 0

(4)

being 𝐵𝑖 𝑗 the stored bit in CAM word, and 𝑆𝑃 𝑗 is the
input fed to column j. From Eq. 3-4 the match line voltage
is proportional to the bit line voltage and directly depends
on the XNOR of the search bit and the bit stored in the
bitcell.

The resulting sensing margin 𝑆𝑀𝑏𝑖𝑡𝑐𝑒𝑙𝑙 defined as the
ML voltage difference between the output XNOR is ’1’
and ’0’, which can be simplified as:

𝑆𝑀𝑏𝑖𝑡𝑐𝑒𝑙𝑙 = 𝑉𝐵𝐿 · 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

(
1

𝑅𝑃 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠

− 1
𝑅𝐴𝑃 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠

)
= 𝑉𝐵𝐿 · 𝑇𝑀𝑅 · 𝑅𝑃

𝑅𝑃 + 𝑅𝐴𝑃 + 2𝑅𝑎𝑐𝑐𝑒𝑠𝑠
(5)

where TMR is the MTJ technology-dependent tunneling
magnetoresistance ratio (𝑅𝐴𝑃−𝑅𝑃)/𝑅𝑃 [26]. For extending
to other NV-RAM devices (RRAM, PCRAM), we define
the metric of resistance ratio 𝑅𝑟𝑎𝑡𝑖𝑜 = 𝑅𝐴𝑃/𝑅𝑃 . From
Eq. 5, the sensing margin can be improved by adopting
NV-RAM devices with a higher 𝑅𝑟𝑎𝑡𝑖𝑜 or using the stronger
access transistors, at the cost of a larger area per bitcell. The
effects of the access transistors and resistance ratio (𝑅𝑟𝑎𝑡𝑖𝑜)
on the sensing margin, and hence on the reliability of our
design will be discussed in the next section.
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B. NV-CAM Array Architecture And In-Memory
Matching Circuit

This section presents our proposed NV-CAM array
architecture. The 𝑀 · 𝑁 array in Fig. 3 consists of
M rows and N columns, with wordlines being used to
enable computation in the respective rows, and the match
lines as outputs. The search line drivers encode search
patterns (SP) that are compared to stored bits in the selected
word line by the XNOR functions, which are presented in
detail in Fig. 2 and Section II. A. It could be proven that
the XNOR operation in Eq. 1-3 could be generalized for the
row level simply by merging all match lines of all bitcells
in a row.

As all rows operate independently of each other, let us
consider a single row as depicted in blue in Fig. 3. Let
the number of XNOR outputs equal to ’1’ (’0’) across the
row be 𝑁1 (𝑁0 = 𝑁 − 𝑁1). Compared to the single bitcell
resistance 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙 in Section II. A, the resistance seen from
the ML terminal in a row is reduced to 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙/𝑁 . From
Eq. 2-3, the select line voltage 𝑉(𝑀𝐿,𝑖) in the considered
row i-th is:

𝑉𝑀𝐿,𝑖 =
𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

𝑁

𝑁−1∑︁
𝑗=0

𝐼𝑏𝑖𝑡𝑐𝑒𝑙𝑙,𝑖 𝑗 = 𝑉𝐵𝐿

𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

𝑁

𝑁−1∑︁
𝑗=0

1
𝑋𝑖 𝑗

= 𝑉𝐵𝐿

(
𝑁0
𝑁

· 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

𝑅𝐴𝑃 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠

+ 𝑁1
𝑁

· 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

𝑅𝑃 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠

)
(6)

where 𝑋𝑖 𝑗 is the resistance determining the bitcell current
of the bitcell (i, j) in Eq. 1-3.

The matching output is determined by assigning the
output 𝑂𝑈𝑇𝑖 of the select line in the generic i-th row to
’1’ if 𝑉(𝑀𝐿,𝑖) ≥ 𝑉𝑅𝐸𝐹 , and to ’0’ if 𝑉(𝑀𝐿,𝑖) < 𝑉𝑅𝐸𝐹 .
(𝑉𝑅𝐸𝐹 is the reference voltage between the 𝑉𝑀𝐿 in the
FullMatch case and 1-bit MisMatch case). Hence, the
logical output of the sense amp in the i-th row is equal to
the logical conjunction of the XNOR computations across
its bitcells:

𝑂𝑈𝑇𝑖 =

𝑁−1∧
𝑗=0

𝐵𝑖 𝑗

⊕
𝑆𝑃𝐽 (7)

In this work, a conventional current latch sense amplifier
(CLSA) as in [14] is employed to generate the matching
outputs, its schematic and timing diagram with Monte Carlo
simulation are depicted in Fig. 4.

From Eq. 6, the row select voltage linearly depends
on 𝑁1, 𝑁 and ranges from 𝑉𝐵𝐿 · 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

(𝑅𝐴𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠
) to

𝑉𝐵𝐿 · 𝑅𝑏𝑖𝑡𝑐𝑒𝑙𝑙

(𝑅𝑃+𝑅𝑎𝑐𝑐𝑒𝑠𝑠 ) , therefore, the sensing margin depends
not only on the different widths of the access transistors
and resistance ratio (𝑅𝑟𝑎𝑡𝑖𝑜 = 𝑅𝐴𝑃/𝑅𝑃) as aforementioned
in sub-Section II.A but also the length of the stored word
in CAM as illustrated in Fig. 5.

Figure 3. The proposed NV-CAM structure and operations.

As shown in Fig. 5(a), at the small CAM word length
(N = 4 or 8 bits), an increase in access transistor size leads
to a clear wider sensing margin. However, with a larger
stored word length (i.e., N = 16, 32, or 64 bits), the sensing
margin is almost independent of the access transistor.

Fig. 5(b) indicates the dependence of the sensing margin
on different resistance ratios (𝑅𝑟𝑎𝑡𝑖𝑜) when the width of the
access transistor is 4X the minimum allowed by the tech-
nology (i.e., Width = 4W = 0.54 µm, Length = 0.06 µm).
𝑅𝑟𝑎𝑡𝑖𝑜 is selected to evaluate in a relatively wide range
of values from 2 to 100, where a small value is typical
for STT-MRAM (𝑅𝑟𝑎𝑡𝑖𝑜 = 2), an average value commonly
encountered in PCRAM (𝑅𝑟𝑎𝑡𝑖𝑜 = 10), and a large one
correspondingly represents RRAM (𝑅𝑟𝑎𝑡𝑖𝑜 = 100). Similar
above considerations, at a high level of the word length
(N), 𝑅𝑟𝑎𝑡𝑖𝑜 has a minor effect on the sensing margin. For
example, when N = 64 bits, the SM value is 2.7 mV (17.4)
when 𝑅𝑟𝑎𝑡𝑖𝑜 = 2 (𝑅𝑟𝑎𝑡𝑖𝑜 = 100), meanwhile when N = 4
bits, the SM value is 37.3 mV (116.9) when 𝑅𝑟𝑎𝑡𝑖𝑜 = 2
(𝑅𝑟𝑎𝑡𝑖𝑜 = 100).

Our simulation was performed by using the Hspice
model with a commercial 65 nm CMOS library.
Besides, the analysis of process variations was performed
through the Monte Carlo simulations using statistical
models for both CMOS and resistance values (the standard
deviation of the resistances is 7%). For the CMOS
transistors, local and global variations were accounted for
by using the statistical models provided by the foundry.
The impacts of process variations on our design will be
discussed in the next section.

III. IMPACTS OF PROCESS VARIATIONS

Process variations degrade the sensing margin, therefore,
errors in the logical value at the output of each row for the
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(a)

(b)

Figure 4. The schematic of CLSA (a), and corresponding timing diagram
with Monte Carlo simulation (b).

matching operation are induced. To quantify the impact of
variations, Monte Carlo simulations were run under global
and local variations in both transistors and resistances.
Typical arrays with M = 64 rows and N = 4, 8, 16, 32,
and 64 columns will be investigated below. All building
blocks from decoding to read-out are included to make the
array fully functional and self-consistent.

To quantify the impact of process variations on
robustness, we introduce, the SER is the probability of
an erroneous output caused by variations in an elementary
matching operation [27]:

𝑆𝐸𝑅 = 𝑃𝑟 [𝑆𝑀 < 0] = 1
2

[
1 + 𝑒𝑟 𝑓

(
− 1
√

2
· 1
𝜎𝑆𝑀/𝜇𝑆𝑀

)]
(8)

In this work, we investigate SER as the worst-case

(a)

(b)

Figure 5. Sensing margin at different word lengths versus width of the
access transistor with fixed 𝑅𝑟𝑎𝑡𝑖𝑜 = 20 (a), and 𝑅𝑟𝑎𝑡𝑖𝑜 with fixed
Width = 4W (b).

search error rate (smallest sensing margin) (i.e., when
distinguishing fully matched and 1-bit mismatched out-
put). Therefore, 𝑆𝑀 = 𝑉𝑀𝐿𝐹𝑀

– 𝑉𝑀𝐿1𝑀𝑀
is the sensing

margin or the difference between ML voltages in cases of
FullMatch and 1-bit MisMatch, 𝜇𝑆𝑀 and 𝜎𝑆𝑀 denote the
mean and the standard variation of the sensing margin SM:

𝜎𝑆𝑀 =

√︃
𝜎2
𝑀𝐿

+ 𝜎2
𝑅𝐸𝐹

+ 𝜎2
𝑜 𝑓 𝑓 𝑠𝑒𝑡

(9)

𝜇𝑆𝑀 = |𝜇𝑀𝐿 − 𝜇𝑅𝐸𝐹 | (10)

where 𝜇𝑀𝐿 , 𝜇𝑅𝐸𝐹 (𝜎𝑀𝐿 , 𝜎𝑅𝐸𝐹) are respectively the mean
(standard variation) of the match line voltage and the
reference voltage. As usual, the offset of the sense amplifier
has zero mean and standard deviation 𝜎𝑜 𝑓 𝑓 𝑠𝑒𝑡 [28].

In this work, we consider 𝜎𝑜 𝑓 𝑓 𝑠𝑒𝑡 is 5mV for a
reasonable area of circuit design (sense amplifier size of
16x transistor width and 2x length) [14].

The dependence of the SER on the width of the access
transistor, the word length, and 𝑅𝑟𝑎𝑡𝑖𝑜 are demonstrated in
Fig. 6. Similar to the dependence of the sensing margin
on those parameters (N, width of access transistor, 𝑅𝑟𝑎𝑡𝑖𝑜)
shown in Fig. 5, the clear differences between the SER
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value at low-level of the word-length (N = 4, or 8 bits)
versus the SER value at higher N (i.e., N = 16, 32, or 64
bits) is once again depicted. At 4-bit word length, SER
can reach extremely small values, specifically, it can be
lowered to 6.04e-17 in the case of an 𝑅𝑟𝑎𝑡𝑖𝑜 equal to 100,
corresponding to RRAM technology. In contrast, SER
values become quite large and pose some concerns when
increasing the word length to 64 bits, especially, when
using STT-RAM technology (𝑅𝑟𝑎𝑡𝑖𝑜 = 2), SER is 3.98 e-1
(i.e 39.8%). As shown in Fig. 6, SER values decrease
with increasing the size of the access transistor (Fig. 6(a))
or increasing 𝑅𝑟𝑎𝑡𝑖𝑜 (Fig. 6(b)), but the decrease rate in
Fig. 6(b) is slightly faster, which presents that the
width of the transistor has little effect on SER.
For example, with the configuration (N = 64 bits,
𝑅𝑟𝑎𝑡𝑖𝑜 = 20), SER only changes from 2.12e-01
(Width = 1W) to 1.66e-01 (Width = 6W). The effects of
temperature on the SER are also conducted, which are
revealed in Fig. 7. Ignoring the effect of word length in
SER, it is clear that ambient temperature causes negligible
changes of SER, which decrease from 1.7e-1 to 1.53e-1
when the temperature increases from 25 degrees to
85 degrees respectively.

(a)

(b)

Figure 6. SER at different word lengths vs. width of the access transistor
with fixed 𝑅𝑟𝑎𝑡𝑖𝑜 = 20 (a), and 𝑅𝑟𝑎𝑡𝑖𝑜 with fixed Width = 4W (b).

Figure 7. SER of the proposed design with different temperatures with
fixed configuration (𝑅𝑟𝑎𝑡𝑖𝑜 = 20, Width = 4W) (b).

IV. PERFORMANCE EVALUATION AND
DISCUSSIONS

We conducted the performance evaluations of the
proposed NV-CAM design on energy consumption and
pattern search latency, which are shown in Fig. 8 and
Fig. 9 correspondingly. For the energy consumption
measurement, we consider a wide range of match cases
including FullMatch (FM), 1-bit MisMatch (1MM), 2-bit
MisMatch (2MM), etc., up to the case of Full MisMatch
(FMM). At 64-bit word length, the energy consumption
of NV-CAM per bit per one access for searching based
on the low-𝑅𝑟𝑎𝑡𝑖𝑜 device (𝑅𝑟𝑎𝑡𝑖𝑜 = 2) as STT-MRAM is
the highest, gradually decreasing in the case of higher
𝑅𝑟𝑎𝑡𝑖𝑜 technologies (PCRAM, RRAM). When 𝑅𝑟𝑎𝑡𝑖𝑜 is
100, energy per bit on one search (Esearch/bit) varies from
4.36 fJ to 6.47 fJ depending on the match case.

For the measurement of search latency, we only consider
typical word lengths of 16-bit, 32-bit, and 64-bit so that
the comparison of search latencies (actually sensing time
as illustrated in Fig. 4(b)) with other proposed designs
ensures objectivity. In contrast to the decrease in power
consumption, the search latency steadily increases for STT-
MRAM, PCRAM, and RRAM respectively. The smallest
search latencies could be achieved with NV-CAM based on
STT-MRAM in the range from 0.11 ns to 0.12 ns depending
on the considered word lengths.

The evaluation of the reliability and optimization of
a CAM-cell design must be based on a combination of
design parameters mentioned in Section I. In addition, the
number of proposed designs for comparison should be large
enough to ensure objectivity. For those reasons, a series of
CAM designs [15]-[22] has been chosen for evaluation. The
comparisons in detail over all the design aspects including
Cell area, SER, Energy per bit on one search (Esearch/bit),
and Sensing latency (Tsensing) are shown in Table I.

Cell area: The smallest cell area belongs to the
2T-2R cell proposed in [15], which was fabricated in the
90 nm technology process. Most of the compact CAM-
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TABLE I
COMPARISON WITH PRIOR WORKS

ISCAS’18 TCASI’18 TCASII’16 JJAP’12 JSSC’16 E-Let’17 ISSCC’16 VLSI’13 This
[22] [21] [20] [19] [18] [17] [16] [15] work

Memory type CMOS NOR-type MRAM MRAM MRAM RRAM RRAM/MRAM RRAM PCRAM RRAM/PCRAM/MRAM
Technology process [nm] 65 nm 40 nm 45 nm 90 nm 180 nm 180 nm 65 nm 90 nm 65 nm
Cell structure 16T-SRAM 15T-4R 10T-4R 9T-2R 4T-2R 3T-2R 2.5T-1R 2T-2R 2T-2R
Cell area [µm2 ] 11.43 10.76 2.78 6.84 9.7 8.6 0.59 0.41 0.51
Cell area [F2 ] 3175 6725 1372.8 844.4 1197.5 265.4 163.8 50.6 142.4
Search Error Rate (SER) 0% 2.7% 18.5% 30% N/A N/A N/A N/A 0.03 - 4.61%1

Esearch/bit [fJ] 2.07 0.17 40.5 0.73 1.3 − 4.362 0.96 − 3.672 0.28 − 0.712 0.75 4.36 - 6.472

Tsensing [ns] 0.52 0.17 1.0 0.22 1.2 0.68 1.0 1.9 0.11 - 0.123

Figure 8. Energy consumption per bit in the proposed NV-CAM matching
circuit on one search with fixed Width = 4W at 64-bit word length.

Figure 9. Sensing latency versus different 𝑅𝑟𝑎𝑡𝑖𝑜 and word lengths.

cell structures (2.5T-1R, 2T-2R) come with the advantage
of cell area. For technology independence, the cell area in
minimum feature size (𝐹2) should be considered for the
whole proposed CAM cells.

Search Error Rate: The traditional S-CAM design with
16T-SRAM based on CMOS NOR-type [22], has absolute
reliability with an SER value of 0%, which outperforms all
the rest.

Search energy: Usually, the search energy in CAM
matching circuits is evaluated per bit on one search and
this parameter is dependent on the presence of leakage
current, ML discharging scheme, the applied bitline
voltages, etc. The best search energy consumption is
surprisingly belonging to a seemingly very bulky and

power-hungry NV-CAM structure (15T-4MJT) [21] with
the energy consumption per bit on one search only about
0.17 fJ.

Sensing latency: Our proposed 2T-2T cell structure has
shown superiority in sensing latency compared to the
remaining designs on this criterion. Moreover, this design
achieved a much lower sensing latency compared to the
second 2T-2R cell proposed. Besides techniques in circuit
design, the distinction in the sensing latency of this work
comes from the following applied measures: First, we
used the current latch sense amplifier, which should have
advantages in latency [29]. Second, we accept a small
compromise in search energy caused by a high level of
bitline voltage in return for lower sensing latency.

We summarized the highlights of all evaluated designs
as follows: design [22] is the best in the classification of
reliability, achieving absolute zero of SER as announced
by the authors; design [21] is the best in the classifica-
tion of energy-efficiency, presenting excellent results in
terms of energy consumption; design [15] is the best in
the classification of area occupancy according to both
standard size (µm2) and minimum feature size (𝐹2).
Meanwhile, compared to the design [15], our proposed
2T-2R NV-CAM cell is about 2.8x larger in the normalized
feature size but offers an extremely low sensing latency,
approximately 15.8x-17.3x smaller. Among three CAM-
cell structures based on the 65 nm technology process,
design [22] despite getting good SER parameter but has
a huge disadvantage related to the cell area, in contrary to
design [16] and this work (take 3-nd and 2-nd place on
this criterion). Compared to this work, design [16] requires
two steps to perform the search operation, causing a larger
sensing delay and increasing the complexity of the sensing
circuit. However, our design requires higher search energy
per bit than [16], which is explained by the large applied
bitline voltage to achieve low SER values, while SER are
absolutely not mentioned in [16].

1achieved with configuration (𝑅𝑟𝑎𝑡𝑖𝑜 = 100, the width of the access
transistor = 4W, the word length is 64-bit)

2measured in cases of 1-bit MisMatch and Full MisMatch
3achieved with configuration (𝑅𝑟𝑎𝑡𝑖𝑜 = 2, the width of the access

transistor = 4W, the word length varies from 16-bit to 64-bit)
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V. CONCLUSION

Emerging non-volatile memory-based CAM cell
structures (NV-CAM) have demonstrated potential ability
as an alternative to traditional SRAM-based CAM cell
structures integrated into frequent-search seldom-write
IMC applications. In this paper, a compact 2T-2R NV-CAM
cell structure is proposed with an efficient in-memory
matching circuit for realizing reliable low-delay lookup
operations. To verify the reliability and applicability of the
proposed design, a variety of different NV-CAM designs
have been chosen for comparative evaluation, which
revealed that our 2T-2R CAM-cell structure outperforms
the rest in search latency with an extremely small value
in the range of 0.11-0.12 ns when employed STT-MRAM.
In addition, our proposed design is one of the most compact
bitcell structures with a cell area of only 0.51 µm2, which
can guarantee dependable lookup operations with search
error rates in the range of 0.03-4.61%. Compared to the
other CAM-cell structures evaluated in this paper, our
proposed design is the best in search latency and at the
same time is one of the most area-efficiency solutions.
Moreover, this design can well meet almost the remaining
design criteria with a small cost of average search energy.
Due to all the presented advantages, our design could be
the appropriate candidate for the NV-CAM cell under the
65 nm technology node.
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