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Abstract: Ternary content-addressable memories (TCAMs) are used to design high-speed search
engines. TCAM is implemented on application-specific integrated circuit (native TCAMs) and
field-programmable gate array (FPGA) (static random-access memory (SRAM)-based TCAM:s)
platforms but both have the drawback of high power consumption. This paper presents a
pre-classifier-based architecture for an energy-efficient SRAM-based TCAM. The first classification
stage divides the TCAM table into several sub-tables of balanced size. The second SRAM-based
implementation stage maps each of the resultant TCAM sub-tables to a separate row of configured
SRAM blocks in the architecture. The proposed architecture selectively activates at most one row
of SRAM blocks for each incoming TCAM word. Compared with the existing SRAM-based TCAM
designs on FPGAs, the proposed design consumes significantly reduced energy as it activates a part
of SRAM memory used for lookup rather than the entire SRAM memory as in the previous schemes.
We implemented the proposed approach sample designs of size 512 x 36 on Xilinx Virtex-6 FPGA.
The experimental results showed that the proposed design achieved at least three times lower power
consumption per performance than other SRAM-based TCAM architectures.

Keywords: SRAM-based TCAM,; field-programmable gate array (FPGA); memory architecture;
power-efficient

1. Introduction

Ternary content-addressable memory (TCAM) selects a word among stored ternary data based on
its contents. It compares the search key with the entire stored TCAM words in parallel and outputs
the address of the matching word in one cycle. The circuitry of a TCAM cell store and compare
three states: 0, 1, and don’t-care state x. TCAM architecture is composed of an array of TCAM cells
and a priority encoder (PE). Each TCAM cell comprises two SRAM cells storing a ternary bit and an
associated comparison circuitry. Search lines (SLs) and match lines (MLs) perform the search operation.
SLs provide search key bits to the corresponding cells of the TCAM words. The comparison results of
each TCAM word are placed on the MLs. In case the matching of the search key is successful with more
than one TCAM word, the PE selects the matching address with the highest priority. Figure 1 shows
a sample design of 4 x 3 TCAM. TCAM designed as a dedicated system in the application-specific
integrated circuit (ASIC) is known as native TCAM.

TCAM finds its applications as look-up table in networking routers [1,2], as translations-look-aside
buffers (TLBs) caches in microprocessors [3,4], as database accelerators in big-data analytics [4,5], as a
filter when storing signature patterns in Internet-of-Things [6,7], as Local binary patterns recognition
system in image processing and DNA sequence matching [8,9].
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Figure 1. A 4 x 3 TCAM: (MLSAs: Match line sense amplifiers).

However, the dedicated bit comparison circuitry in each native TCAM cell lowers its memory
density and the inherent massive parallelism makes native TCAM power hungry and expensive [10-12].
Moreover, the native TCAMs implemented in ASIC offer limited configurability which renders them
less flexible to comply with the requirements and adaptation to the emerging trends in the applications
of TCAMs [4,13,14].

The significant advancement in CMOS technology have made modern field-programmable gate
arrays (FPGAs) an attractive choice for implementing emerging systems because of their offered
massive parallelism with flexibility through on-the-fly reconfiguration. Contemporary SRAM-based
FPGA device such as the 16-nm Xilinx Virtex UltraSCALE FPGA consist of a large amount of embedded
memory called block RAMs (BRAMs) implemented in silicon substrate [15,16] that operates at high
speed with low power consumption.

The demand for a high-speed flexible (re-configurable) and adaptable (easy for integration) TCAM
configurations renders the embedded memories BRAMs on modern SRAM-based FPGAs attractive
for the design of TCAMs. FPGAs implement TCAM using SRAM, by addressing SRAM with TCAM
contents, and stores information for all data of TCAM table. Each SRAM word stores the existence and
address information for a specific TCAM pattern. Existing SRAM-based TCAMs on FPGAs suffer from
higher energy consumption as they consume excessive power to energize the entire SRAM memory
used per lookup. For example, the SRAM-based TCAM design methodologies presented in recent
works [13,17] consumed 2.5 W and 3.2 W to implement 89 kb and 150 kb TCAM tables using BRAMs
on FPGA, respectively. The higher power consumption of SRAM-based TCAM designs becomes more
severe for larger capacities.

The demand for a low power configurable and easy to integration TCAM design on FPGA makes
the use of pre-classification approach practical for designing an energy-efficient SRAM-based TCAM
(EE-TCAM). It works as follows: First,a TCAM table is partitioned into several sub-tables of balanced
size in the classification stage. Second, in the SRAM-based implementation stage, each resultant TCAM
sub-table is mapped to a separate row of cascaded SRAM blocks in the architecture. The proposed
architecture selectively activates at most one row of SRAM blocks for each incoming TCAM word,
thus attaining a substantial reduction in the overall dynamic power consumption.

The contributions of this work include:

o A TCAM table classification scheme is proposed to create several balanced-size groups of TCAM
words. (Section 3.1)

o  To the best of our knowledge, this is the first pre-classifier-based architecture for SRAM-based
TCAM design, which achieves a considerable reduction in power consumption. (Section 3.2)
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e  The proposed design is implemented on a state-of-the-art FPGA. The proposed design is compared
in detail with the existing FPGA realizations of TCAM with respect to power consumption
per performance. Compared to prior work, our architecture exhibits at least 3x lower power
consumption per performance. (Section 4)

o  The trade-off details between the number of TCAM sub-tables M and the power consumption
and throughput performance of the proposed design are presented. (Section 4.2)

The rest of this paper is organized as follows. Section 2 discusses the related work. The proposed
TCAM table classification scheme and the proposed architecture are described in Section 3. Section 4
details the implementation results and performance evaluation of our proposed architecture. Section 5
concludes this paper. Table 1 lists the notations used in this paper.

Table 1. List of notations used.

Notation Description

D Depth of TCAM table

124 Width of TCAM table

Rp Depth of the configured SRAM blocks

Ry Width of the configured SRAM blocks

logoRp Address bits of the configured SRAM blocks

M Number of TCAM sub-tables/Rows of the SRAM blocks in architecture
\%4 Number of SRAM blocks in each row of the proposed architecture

2. Related Work

RAM-based associative content-addressable memory (CAM) was presented in a U.S. patent [18].
Its memory requirement increases exponentially with the increase in the pattern bits of CAM. For large
bit patterns, it does not scale well in terms of the memory requirement, power consumption, and cost.
Thus, it is not feasible to implement it on ASIC or FPGA platforms. Contrary to this our proposed
work is memory-efficient and achieves a reduction in the dynamic power consumption by reducing
the exponential increase in RAM memory to a linear increase. This is achieved by partitioning the
large width TCAM bit patterns and then implementing them as a cascade of SRAM blocks in the
proposed architecture.

A set-associative memory architecture implemented in hardware using the well-known hashing
method was presented in [19]. It used RAM memory to implement CAM. However, in order to support
TCAM functionality, the architecture suffered from inefficient memory utilization as it required two
bits to encode ternary bits. On the contrary, our proposed solution does not encode ternary bits as
two bits. The proposed solution addresses RAM memory with TCAM content, and each RAM word
corresponds to a specific TCAM data pattern. In order to implement “don’t care” bits, more than one
RAM word is selected. The proposed solution maps all possible TCAM data as RAM addresses.

Two types of FPGA implementations: a CAM based on Xilinx BRAM resource and a TCAM
based on 16-bit shift registers (SRL16E)-are presented in Xilinx application note [20]. This emulation of
TCAM on FPGA consumes one SRL16E for implementing two bits of TCAM. The shift register-based
TCAM works efficiently for smaller TCAMs whereas, for implementing large storage capacity TCAMs,
its design experience routing congestion and timing challenges. The proposed solution implements
TCAM using the embedded SRAM memory blocks available on FPGAs and scales well in terms of
speed and power consumption for implementing TCAMS of large storage capacity.

A low-power SRAM-based CAM design implementation on FPGA was presented in a previous
work [17]. It performs a hierarchical lookup of the design-configured SRAM blocks. It achieves low
power consumption by stopping subsequent SRAM lookup operations if a match is found in the
present SRAM block. Although it reduces the average power consumption of the design, its worst-case
power consumption remains high, which is not beneficial for the designed hardware as the hardware
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is designed based on the worst-case power consumption budget. In contrast, proposed work achieves
a significant reduction in the worst-case power consumption of the implemented TCAM design.

Algorithmic solutions of TCAM implemented in SRAM-based pipelines on FPGAs suffer from
non-deterministic throughput, long latencies, and inefficient memory usage [14,21]. A resource-efficient
SRAM-based TCAM design was presented in [22], which stored the validation information of the
TCAM words in distributed RAM blocks and the address information in the sub-blocks of the
embedded SRAM memory blocks on FPGA. It completed the lookup operation for the incoming
TCAM word via multiple high-speed sequential reads from the sub-blocks of its SRAM blocks and
thus resulted in a degraded system throughput. The multiple high-frequency SRAM read operations
per input word’s lookup resulted in higher dynamic power consumption of the design. Proposed work
stores the validation and address information of the TCAM words in a single SRAM memory block
and a single read operation is performed for completing the incoming TCAM word’s lookup. Thus,
achieves higher throughput with reduced overall power consumption.

The design methodologies presented in [23-25] employs multiple distinct SRAM blocks for
implementing TCAM functionality. These stores the TCAM word'’s existence and address information
separately in distinct sets of SRAM blocks. The Input TCAM word is applied to the first set of SRAM
blocks to read its existence information and the address information is read from the second set of
SRAM blocks. These TCAM design methodologies using multiple distinct SRAM blocks utilizes
excessive SRAM memory. These works suffered from higher power consumption as the entire used
excessive SRAM memory is activated for the incoming TCAM word lookup. In contrast, our proposed
work stores the TCAM word’s existence and address information in a single RAM, thus realizing
efficient memory usage. Moreover, proposed work achieves substantially reduced power consumption
by activating at most one row of SRAM blocks for incoming TCAM words.

The SRAM-based design methodology with efficient storage efficiency in previous work [26]
stored the existence and address information of TCAM word in a single SRAM memory block. A similar
approach implemented an SRAM-based TCAM design using Xilinx BRAM or distributed RAM
resource and provided an in-depth theoretical analysis in [13]. However, these works [13,26] energize
all used SRAM memory blocks in the design for each incoming TCAM word’s lookup. Thus, consumes
higher power consumption. In contrast proposed TCAM architecture selectively energizes a part
of SRAM memory blocks used, achieving a substantial reduction in the overall dynamic power
consumption of the design.

A recent work presented in [27] uses multipumping enabled multiported SRAM memory for
implementing memory-efficient TCAM design on FPGA. It stores the sub-blocks of partitioned TCAM
table in the shallow sub-blocks of BRAMs configured as multiported memories on FPGA.

For each incoming TCAM word, the existing SRAM-based TCAM architectures energize the
entire SRAM memory of their architectures, resulting in excessive power consumption. In this work,
we present a pre-classifier-based architecture for an energy-efficient SRAM-based TCAM design.
We first classify a TCAM table into several TCAM sub-tables, which are further partitioned vertically.
Each partitioned TCAM sub-table is implemented as a row of cascaded SRAM blocks in the proposed
architecture. For each input TCAM word, at most one row of SRAM blocks is activated in the
proposed design, significantly reducing the dynamic power consumption compared with the existing
SRAM-based TCAMs.

3. Proposed Classification Scheme and Architecture

3.1. Proposed Classification Scheme for TCAM Table

The proposed design uses the bits extracted from specific bit positions of the TCAM words to
classify the TCAM table words into groups called as TCAM sub-tables. In the proposed partitioning
scheme we extract logo M classification bits from the specified bit positions of the TCAM words to
produce M sub-tables. For example, suppose two bits are used for the classification of a sample TCAM
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table of size 6 x 6 is presented in Table 2. The TCAM table presented in Table 2 is classified using
two different set of bit positions S; = {bp, b1 } and Sy = {by, b3} as shown in Figure 2a,b, respectively.
The sub-tables constructed based on the bit values (00, 01, 10, and 11) of bit positions {bg, b1 } are
shown in Figure 2a. The number of TCAM words in the constructed sub-tables STy, STy, ST, and
ST; varies based on the pattern of bits in the bit positions {by, by } selected for the classification of
Table 2. TCAM words with ‘x” as bit value in the classification bit positions are stored in more than
one sub-table. For example, the TCAM word at address 2 has the bit values of ‘x1” at {bg, b1 }, and is
thus stored in both sub-tables ST; and ST3. This redundancy expands the resultant TCAM sub-tables.
The classification of any realistic dataset based on a specific set of bit positions may not necessarily
produce sub-tables of the same size.

Table 2. A TCAM table of size 6 x 6.

Address TCAM Words

0 001001

1 11x100

2 x10010

3 100x11

4 0x01x1

5 x10001

TCAM words
Addresses
b,|b,|b,|b, TCAM words
—— Addresses

0 11001 b, b, b,| b,
4 ojl1|x1|1 0 0 1 0|1
2 ojof|11]o0 3 1 0 111
4 oO|l1|x|1 3 1 0 111
5 0oj]ojo]1 4 0 0 x| 1
3 Ofx|11]1 2 X 0 1]0
1 x|1]0]0 5 X 0 0|1
2 ojof|11]0 1 1 X oo
5 ojo|o]1 4 0 0 x| 1

(a) (b)

Figure 2. Example of the proposed classification algorithm: (a) Description of Classification based
on set of bit positions S; = {bg,b1}. (b) Description of Classification based on set of bit positions

Sy = {b1,b3}.

The proposed solution is based on the concept that the classification effectiveness of a set of bit
positions varies from that of other bit positions for a specific dataset when the target of the classification
is to construct balanced-size sub-tables. The classification example of the TCAM table in Table 2 using
two different sets of bit positions is illustrated in Figure 2. It shows that the classification using
Sy = {by, b3} is more effective for the TCAM table presented in Table 2, as the constructed sub-tables
are of balanced size (2), when compared with the unbalanced size sub-tables constructed for bit
positions S = {bp, b1} (2, 3, 1, and 3) as explained above.

The constructed TCAM sub-tables are further mapped to the distinct rows of SRAM blocks in
the proposed design. Figure 3 shows the mapping of the proposed classification scheme constructed
sub-tables to SRAM memory. The contents of the four bit places Sy = {by, b3, bs, bs } of the unbalanced
size sub-tables shown in Figure 2a and that of bit places Sp = {by, bp, by, b5} of the balanced size
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sub-tables shown in Figure 2b are vertically partitioned into width of two, further mapped to
the SRAMs with depth D = 4 shown in Figure 3a,b, respectively. It clearly illustrates that the
SRAM memory requirement for storing balanced size TCAM sub-tables constructed for bit positions
Sy = {by, b3} is lower than that of unbalanced size sub-tables constructed for bit positions S1 = {by, b1 }.
The SRAM memory utilization overhead for pre-classifying the TCAM table contents in the proposed
approach is minimal as balanced size sub-tables are constructed based on effective classification bits.

Row 0 of SRAM blocks Row 0 of SRAM blocks
0000 0 O 000 0 O 000 O 00 0 O
01 0 1 O 011 1 O 011 O 011 O
101 0 O 100 0 0 O 10 0 1 10 0 O
1. 0 0 O 11 0 1 0O 11 0 O 11041
RAM 4x3 RAM 4x3 RAM 4x2 RAM 4x2
Row 1 of SRAM blocks Row 1 of SRAM blocks
o601 0 1 00 0 0 O 00 0 1 00 0 O
010 1 O orpopgi1pl 010 O 010 1
10 0 0 O 101 0 O 101 O 10 0 O
11 0 0 O 11jog1po 11 0 O 11 1 1
RAM 4x3 RAM 4x3 RAM 4x2 RAM 4x2
Row 2 of SRAM blocks Row 2 of SRAM blocks
o601 0 O 000 0 O 00 1 1 00 0 O
011 0 O 01 0 0 O 01 0 O o1 0 1
00 OHO 10 0 0 O 10 1 1 101 O
11JOOHO 11 1 0 O 11 0 O 11 . 0 O
RAM 4x3 RAM 4x3 RAM 4x2 RAM 4x2
Row 3 of SRAM blocks Row 3 of SRAM blocks
oo 0 1 1 0001 0 O o0 0 1 001 O
011 0 O 01 0 0 1 010 O 010 1
100 0 0 O 10 0 1 O 10 1 0 10 0 O
1101 O O 11§ Ol O'}} O 1 1 0 1 0 1
RAM 4x3 RAM 4x3 RAM 4x2 RAM 4x2

(a) (b)

Figure 3. Example of mapping proposed classiifcation scheme constructed TCAM-subtables to SRAM:
(a) Mapping TCAM sub-tables contents to SRAM constructed based on set of bit positions S; = {bg, b1 }.
(b) Mapping TCAM sub-tables contents to SRAM constructed based on set of bit positions S, = {by, b3 }.

Algorithm 1 describes the proposed classification scheme. It classifies the TCAM words of the
D x W TCAM table into M sub-tables based on the comparison with the log, M-bit values extracted
from specific bit positions. The resultant sub-tables formed are tested for the maximum depth bound
(MDB) of ( {MLRWJ + )Ry, where Ryy is the width of the configured SRAM blocks of the design on
FPGA and « is a scaling factor with integer values of « > 1. If the number of TCAM words in the
resultant sub-tables exceeds MDB, a subsequent set of bit positions is used for the classification of the
TCAM table. In the worst-case scenario, all subsets of logy M bit positions from W bit positions are
used to classify the TCAM table. The worst-case classification complexity of the proposed Algorithm 1
is reduced by using a relaxed MDB for the construction of sub-tables. An increase in the value of «
by one increases the MDB of the sub-tables by Ry. A relaxed MDB of the sub-tables results in an
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increased RAM memory usage, as the resultant sub-tables are mapped to the SRAM blocks of the
proposed design. The value of a provides a trade-off between the time complexity of the proposed
classification algorithm and the overall RAM memory usage of the proposed design.

The words of the M TCAM sub-tables are mapped to the M rows of the SRAM blocks of the
architecture and the corresponding classification bit positions are used to configure the pre-classifier
bit positions in the proposed architecture.

Algorithm 1 Algorithm for the classification of the TCAM table into M sub-tables.

INPUT: D ternary words of W bits: T;;, where T;; € {0,1, x}",i = 0,1,...,D -1, All
possible subsets of logoM bit positions from W bit positions: S, where u = 1,2,..., (1 OgM),
v=0,1,...,logpM — 1.
OUTPUT: M sub-tables (STs) with identification addresses of Ay = 0,1,2,..., M — 1, and each ST
of QMLRWJ + «) Ry ternary words of W bits: ST; ;, where ST; ; € {0, 1, x}W,i=0,1,...,( {MLRWJ +
OC)RW -1
foru = 1,2,...,(10;ZM) do
fori=0,1,...,D—1do

// Check for the maximum depth bound

if (Sizep, == ({MLRWJ + &)Ryy) then

break
else

// Extraction of classification bits & construction of sub-tables
Cbits — Extract(Su,v, Ti,j)
if (AM == Cbits) then
Add_ST(Apm, Tl-,]-)
Sizey,, < Sizeyp,, +1
end if
end if
end for
end for
Cpits: Extracted classification bits
Sizey,,: Size of constructed sub-tables

3.2. Proposed Architecture

The TCAM table of D x W size is classified into M sub-tables using the proposed classification
scheme in Algorithm 1. The W-bit TCAM words of M sub-tables constructed are further divided into
V sub-words of log, Rp-bits. The resultant M x V sub-partitions of the TCAM table are mapped to the
M rows of the V SRAM blocks in the proposed architecture as shown in Figure 5. Each TCAM table

sub-partition of size ( {MLRWJ + )Ry X logaRp is implemented using an SRAM block. The SRAM

block is a cascade of ( LML%{WJ + «) number of Rp X Ry size SRAM blocks.

The proposed architecture comprises a pre-classifier unit and an SRAM-based TCAM.
The pre-classifier unit of the proposed architecture is shown in Figure 4. The bit positions of the
pre-classifier bits are specified using Algorithm 1 provided logpM number of pre-classification
bit positions. The pre-classifier bits are extracted from the logo M bit positions of the incoming
TCAM words using the logy M number of select lines of W-to-1 multiplexers as shown in Figure 4.
The extracted logy M bits are further decoded to get an M-bit control signal that selectively activates at
most one row of SRAM blocks of the proposed architecture.

The proposed SRAM-based TCAM architecture is shown in Figure 5. The incoming W-bit TCAM
word is divided into V sub-words of logoRp-bits. The V sub-words are provided as addresses to the
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selected row of V SRAM blocks in parallel and V SRAM words are read. The V SRAM words read
undergo a bit-wise AND operation and the resultant matching information bit vector is provided to
the associated PE. The PE unit encodes the highest-priority matching bit position with the level high
as the matching address.

Input word

Yy

W 1 }IogzMxM_/_>

decoder |m

N
2
=
LX)
A

/»Flogzw

logsM

Figure 4. Architecture of the pre-classifier unit: (S: Select lines for extracting the pre-classification bits,
logoyW: Number of bits in the, logo M: Number of pre-classifier bits, M: Number of enable control bits
for the M rows of SRAM blocks).

Input word

w Tw log,R, log,R, log,R,

(D/MR,, +a)R

classification
unit

SRAM SRAM
block , block, ,

/

XN

MA

(D/MR,, +a)R ,,

blockM’1 blockM’2

F‘ SRAM SRAM

Clock J:.

Figure 5. Proposed overall architecture: (M: Number of rows of SRAM blocks, V: Number of SRAM
blocks in a row, PE: priority encoder unit, MA: matching address, logo Rp: Address bits of the configured
SRAM blocks, ( {MLRWJ + «)Ryy: Configured SRAM blocks words width).



Electronics 2018, 7, 186 9 of 15

3.3. Update Operation

The proposed TCAM design maps a new TCAM table dataset of the same size to the SRAM blocks
of the configured architecture on FPGA. The SRAM blocks of the architecture has storage space for
( {ML%QWJ + a) Ry number of log> Rp-bit TCAM sub-words. Algorithm 1 finds the set of classification bit
positions, which makes TCAM sub-tables considering the maximum depth limitation of the configured
architecture SRAM blocks on FPGA. The updated TCAM sub-tables are mapped to the SRAM blocks
of the design on FPGA. The corresponding classification bit positions from Algorithm 1 configure the
pre-classifier unit. The classification bits are now extracted from the updated set of bit positions for the
incoming TCAM words. The proposed solution performs reconfiguration of the hardware design on
FPGA in two cases: first, when the number of TCAM words in the Algorithm 1 constructed TCAM
sub-tables exceeds the storage space of the configured architecture SRAM blocks, resulting in a relaxed
MDB on the updated TCAM sub-tables. Second, when a TCAM table of different size is implemented
in the proposed design.

During run-time, an update process of a TCAM word in proposed design includes the writing of
the update word to the respective TCAM sub-table first, and the updated sub-table is then written to

the corresponding row of SRAM blocks in the proposed architecture. The number of TCAM words

in updated sub-tables is tested for the MDB of ( {ML%%WJ + a)Ry as this is the storage capacity of a

row of configured SRAM blocks in proposed architecture. Owing to the presence of the don’t-care
bits (x) in the TCAM words, EE-TCAM in the worst case writes the entire used SRAM memory to
complete the update process of a TCAM word. The partitioned sub-tables are written in parallel to the
corresponding SRAM blocks in the proposed architecture, and the depth Rp of the configured BRAMs
determines the update latency of EE-TCAM design. The update latency of EE-TCAM is 513 cycles.
While native TCAMs have also comparable worst case TCAM write time of O(N) for updating a TCAM
word, where N is the number of words in the TCAM table [28-31].

4. FPGA Implementation Results & Performance Evaluation

We used a Xilinx Virtex-6 XC6VLX760-2FF1760 FPGA device for the proposed EE-TCAM design
of a 512 x 36 TCAM. Three design cases of 512 x 36 TCAM were implemented with the following
design parameters: [M = 4,V = 4] denoted EE-TCAM-I and [M = 8,V = 4] denoted EE-TCAM-II
using 36 kb BRAMs and [M = 16,V = 4] denoted EE-TCAM-III using 18 kb BRAMs. Algorithm 1 was
used to classify 512 TCAM words into M = 4, 8, and 16 TCAM sub-tables.

The minimum depth limitation on the configuration of BRAM is 512 = 2°. The storage capacity
of BRAMs is maximum when used in minimum depth configurations of 512 x 36 for 18 kb size and
512 x 72 for 36 kb size [13,27]. Thus, the contents of the TCAM sub-tables formed were further divided
into V = 4 sub-words of width = 9, which addresses the configured BRAMs of depth 2° = 512.
The resultant M x V sub-partitions were mapped to the configured BRAMs of the EE-TCAM designs
on FPGA. The proposed EE-TCAM designs were implemented using Xilinx ISE 14.7 and were verified
via behavioural and post-route simulations using the Xilinx ISim simulator. The Xilinx Place and Route
report was used to evaluate the FPGA resource utilization and speed. The Xilinx Xpower Analyzer
tool [32] was used for the estimation of the dynamic power consumption of the design. Table 3 lists
the FPGA resource utilization parameters such as slice registers, LUTs, and BRAMs of the EE-TCAM |,
II, and III designs for implementing a 512 x 36 TCAM table.

Table 3. FPGA resource utilization of EE-TCAM on Xilinx Virtex-6.

Proposed Design Cases Slice Registers LUTs BRAMs

EE-TCAM-I [M = 4] 652 1535 32
EE-TCAM-II [M = 8] 687 1455 32
EE-TCAM-III [M = 16] 712 1419 32
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4.1. Scalability of EE-TCAM

We have evaluated the scalability of EE-TCAM using important performance evaluation metrics,
like memory utilization, clock rate, and power consumption implementing various sizes of TCAM
tables. Table 4 lists the memory utilization, clock rate, and power consumption for the TCAM tables of
width W = 36, 54, and 72 for depth D = 256, 512, and 1024 with TCAM sub-tables of M = 4, §, and 16
configurations implemented using EE-TCAM.

Table 4. Performance trend for increasing EE-TCAM depth (D), width (W) in various configurations.

No. of TCAM TCAM Depth 256 512 1024
Sub-Tables TCAM Width 36 54 72 36 54 72 36 54 72

Memory utilization (kb)

M=141 576 864 1152 1152 1728 2304 2304 3456 4608
M=28 576 864 1152 1152 1728 2304 2304 3456 4608
M=16 1152 1728 2304 1152 1728 2304 2304 3456 4608
Clock rate (MHz)
M=4 326 313 299 276 260 243 264 252 233
M=28 338 323 308 321 306 261 297 272 246
M=16 346 335 317 336 316 270 310 293 251
Power consumption (mW)

M=141 263 373 552 337 529 70 62 89.1 134
M=28 236 368 513 277 503 645 361 59.1 80

M=16 321 542 727 277 479 614 309 555 721

Table 4 shows that the memory usage of EE-TCAM grows proportionally with an increase in the
width or depth of the implemented TCAM table size. The memory usage of EE-TCAM remains same
with an increase in the number of TCAM sub-tables M.

Table 4 shows that EE-TCAM achieves high clock rates of (233 MHz-346 MHz) for the specified
sizes of TCAM tables. EE-TCAM achieve a linear decrease in the clock rate with a linear increase in
the depth or width of the implemented TCAM tables when M is constant. The delay in EE-TCAM
increases because of the increase in the number of wide bit-wise ANDing operations and associated
routing delay. The EE-TCAM showed an increase in the clock rate with an increase in the number of
TCAM sub-tables M owing to the reduced bit-wise ANDing complexity of a row of SRAM blocks.

Table 4 illustrates that the dynamic power consumption of EE-TCAM increases linearly with an
increase in the width and depth of the implemented TCAM table when M is constant. The memory
usage of a row of SRAM memory blocks increases with an increase in the size of the implemented
TCAM table, which results in an increase in the power consumption of EE-TCAM. The dynamic power
consumption of EE-TCAM decreases with an increase in the number of TCAM sub-tables M owing to
the activation of reduced size SRAM memory of a row of SRAM blocks.

The EE-TCAM design implementations for depth D = 256 and width W = 36, 54, 72 with M = 16
does not follow the same performance trend in memory usage and power consumption as shown in
Table 4. The memory usage of EE-TCAM implementations for the specified sizes with M = 16 gets
double from that of the same sizes implementations with M = 8. This is because the memory size
of a row of SRAM blocks for M = 16 remains the same (72 kb) as that of M = 8 and the number of
rows of SRAM-blocks gets double (16 from 8). This is due to the minimum 36 bit width configuration
for depth = 512 of 18 kb BRAM on Xilinx FPGAs [15]. This increase in the memory usage of a row of
SRAM-blocks results in the increased power consumption of proposed EE-TCAM implementations for
specified sizes with M = 16 as illustrated in the Table 4.
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4.2. Trade-Off between the Number of TCAM Sub-Tables (M) and Performance

The number of TCAM sub-tables M determines the depth of the sub-tables formed, and when
mapped to the SRAM memory determines the RAM memory usage of each row of SRAM blocks in
the EE-TCAM design. An increase in M reduces the RAM memory usage of each row of SRAM blocks
in the EE-TCAM design. This leads to a reduction in the overall power consumption of the proposed
design with an increase in M as the reduced memory of at most one row of SRAM blocks is energized
per lookup for incoming words.

To evaluate the impact of the change in M on the performance of the proposed EE-TCAM design,
we implemented three EE-TCAM design cases I, II, and III, with M = 4, 8, and 16, respectively, using
Xilinx BRAM resource for a 512 x 36 TCAM table. The RAM memory usage of a row of SRAM blocks
in the EE-TCAM design shows a decreasing trend with the increase in the value of M. The proposed
design cases EE-TCAM I, 1, and 1III, activate at most one row of SRAM blocks per lookup i.e., 288 kb
(8 BRAMs of size 36 kb), 144 kb (4 BRAMs of size 36 kb), and 72 kb (4 BRAM s of size 18 kb), respectively.
The individual BRAM resource power consumption of the EE-TCAM design cases I, II, and III shows a
decreasing trend 18.41 mW, 9.03 mW, and 4.16 mW, respectively, as shown in Figure 6. The increase
in the number of TCAM sub-tables M has a decreasing impact on the size of the activated BRAM
resource in the proposed EE-TCAM design. Thus, the individual power consumption of the BRAM
resource in proposed EE-TCAM shows a decreasing trend with an increasing value of M.

The overall power consumption of the EE-TCAM design III does not show an exactly decreasing
trend. This is because of the increased individual clock and signal resource power consumption as
shown in Figure 6. Compared to EE-TCAM I with M = 4, the number of design units in EE-TCAM II
(M = 8) and EE-TCAM III (M = 16) doubles and quadruples, respectively. Thus, EE-TCAM II and
EE-TCAM III show an increased clock distribution and interconnect power consumption as shown in
Figure 6.

[ Clocks
Signals
35 Logic
. Il BRAMS
= 30
I 27.68
C 25
I5 25
a
£ 204
S
2
S 151
@)
o 10
=
O
O 54
0 -

Number of TCAM sub-tables (M)

Figure 6. Trade-Off between the Number of TCAM Sub-Tables (M) and Power Consumption Performance.

The operational frequencies of the EE-TCAM design listed in Table 4 shows an increasing trend
with the increase in the number of TCAM sub-tables M, owing to the reduced complexity of bit-wise
AND operation and PE units, as the size of the SRAM words decreases with the increase in the value
of M.
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Overall, the trade-off between the number of TCAM sub-tables M and the power consumption and
throughput performance of the proposed EE-TCAM design showed that considerable improvement in
performance is achieved with an increase in M.

4.3. Power Consumption

RAM memory accounts for a major proportion of the power consumption in the design of
SRAM-based TCAMs. In the SRAM-based solutions of TCAM, the depth of TCAM table determines
the width of the SRAM memory and is implemented as a cascade of % number of SRAM blocks.
The width of TCAM table is encoded as the address of the SRAM memory and implemented as a
cascade of log% number of SRAM blocks. The minimum achieved power consumption of the existing
SRAM-based TCAM design methodologies on FPGAs in terms of the SRAM blocks used can be
formulated using Equation (1) as follows:

P :[15/\/] [logzv(vRD)] *Fu .

where Pg;; denotes the power consumption of an SRAM block. The proposed design activates at most
1/ M number of entire used SRAM blocks to complete the lookup operation for an incoming TCAM
word. Thus, achieves a considerable reduction in the power consumption by a factor of M as expressed
using Equation (2).

1 [D W
Fr M [Rw} Logz(RD)} o @

Column 7 of Table 5 shows the power consumption comparison of our proposed EE-TCAM
design with previous works. It shows that the power consumption of the proposed EE-TCAM design
is at least two times lower than that of [20,23-26] for implementing a 18 kb size 512 x 36 TCAM table.

4.4. Power Consumption per Performance

Table 5 presents a comparison of the proposed EE-TCAM designs with the existing state-of-the-art
FPGA-based TCAMs with respect to the power consumption per performance from [33] given by
Equation (3).

Normalized power consumption [uW/ TCAM Depth]|
Performance [Gb/s]

®)

For a fair comparison with [22] and [13], we normalized their reported frequency and power
consumption results to 40-nm CMOS technology using Equation (4), modified from previous study
in [34].

. Technolgy(nm) 1.0
Fr=Fx ( 40(nm) “\ VDD

. 40(nm) 1.0 \?
Pr=Fx (Technology(nm)> . <VDD)
The normalized frequency and power consumption factors are denoted as F* and P*, respectively,
when considering 40-nm CMOS technology and a supply voltage of 1.0 V. The original results of the
respective works are reported in parentheses.
EE-TCAM designs I, II, and III implemented a 512 x 36 (18 kb) TCAM table consuming
33.72 mW, 27.70 mW, and 27.68 mW, respectively, and achieved the speed of 276 MHz, 321 MHz,

and 336 MHz, respectively. Thus, the power consumption per performance of EE-TCAM I, II, and III
was 6.8 (W /(TCAMDepth.Gb/s)), 4.8 (W /(TCAMDepth.Gb/s)), and 4.6 (W /(TCAMDepth.Gb/s)),

4)
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respectively. Table 5 shows that the power consumption per performance of the proposed EE-TCAM
designs is at least three times lower than that of UE-TCAM [26], which is the lowest among the existing
FPGA implementations of SRAM-based TCAMs.

Table 5. Comparison of the power consumption per performance with previous works.

TCAM Size  Speed Throughput Power

Architecture FPGA ® x W) (MHz) AM/L @ (Gb/s) (mW) pc/p ®
Locke [20] Virtex-6 512 x 36 166 2304 5.8 253 85
Qian [17] Virtex-6 504 x 180 133 5040 234 2548 216
REST [22] Kintex-7 72 x 28 35 (50) 36 14 161 (113) 2329
HP-TCAM [23] Virtex-6 512 x 36 118 2016 42 188 89
Z-TCAM [24] Virtex-6 512 x 36 159 1440 5.6 109 38
E-TCAM [25] Virtex-6 512 x 36 164 1440 5.8 91 31
UE-TCAM [26]  Virtex-6 512 x 36 202 1152 7.1 78 21
Jiang [13] Virtex-7 1024 x 150 97 (139) 9792 204 4587 (3211) 315
EE-TCAM-I Virtex-6 512 x 36 276 288 9.7 33.72 6.8
EE-TCAM-II Virtex-6 512 x 36 321 144 113 27.7 48
EE-TCAM-III Virtex-6 512 x 36 336 72 11.8 27.68 46

@  AM/L: Activated memory/lookup (kb); ® PC/P: Power consumption/performance
(uW/(TCAMDepth.Gb/s).

5. Conclusions

TCAM-based search engines play an important role in networking routers. Researchers have
proposed several SRAM-based TCAM designs on re-configurable hardware. Native TCAMs and
existing SRAM-based TCAMs suffer from higher power consumption.

This paper presented a pre-classifier-based architecture for an energy-efficient SRAM-based
TCAM, which selectively activates at most one row of SRAM blocks for lookup rather than activating
the entire SRAM memory as in the existing architectures. The experimental results showed that the
proposed design exhibits at least three times lower power consumption per performance than the
existing FPGA realizations of TCAM.
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