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Abstract—Biological sequence alignment is a widely used
technique where the sequence databases are searched to find
similar sequence to the input query. In this work we focus on
the most popular local sequence alignment algorithm; Basic Local
Alignment Search Tool (BLAST). It is a computationally intensive
operation, and with exponential growing databases, makes it
further complex to execute in real time. Field-programmable
gate arrays (FPGAs) provides hardware-like performance and
software-like programmability which makes them the ideal can-
didate for computationally complex tasks. This paper presents
a content-addressable memory (CAM)-based implementation of
BLAST on FPGA that accelerates the alignment process using
concurrent computations. The searching of the input query is
performed in parallel across the database sequence to produce
the result in one clock cycle. The proposed design is implemented
on Xilinx Virtex-7 FPGA device XC7VX690TFFG1761. Results
indicate better feasibility and accelerated performance (149-180
MHz speed) compared to the available searching algorithms.

Index Terms—Field-programmable gate array, DNA Sequenc-
ing. Bioinformatics, content-addressable memory.

I. INTRODUCTION

Advances in next-generation sequencing technology (NGS),
combined with lower wet lab costs, have enabled to capture
massive genomic datasets. NGS offes orders of magnitude
more data at a much lower cost than conventional Sanger
sequencing [1]. Improvement in genome sequencing has lead
to doubling of human genome every seven months, a rate
faster than the Moore’s law. Genomics data can be used to
find cancer specific mutations, genetic disorders, and other
diseases [2]. This data can also be used to identify differences
between humans, forensic applications, and to create person-
alized medicine for different diseases [3].

The method of recognising the nucleotides in a DNA
sequence is known as sequencing. The storage requirement
for DNA sequencing datasets are enormous. For example, the
human genome has around 3.1647 billion DNA base pairs [4].
This large number of DNA data makes it difficult to do its
pattern matching efficiently. Innovative computer tools for
rapid and effective processing and analysis are necessary to
turn the promise of these data into novel biological discoveries
[5]. In computational biology and bioinformatics, aligning se-
quences to identify similarity is a critical and commonly used
computational process for biological sequence analysis [6],

[7].
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Fig. 1. Matching between a Query and Database sequence.

Sequence alignment is a method of organizing data in such
a way that related sequence features are aligned together. In
DNA sequence alignment, a sequence can be a database of
DNA nucleotides from known sources and another smaller
fragment of DNA sequence (called the query sequence) from
an known source. The challenge is to determine the portions of
the database which are most similar to the query sequence. The
sequence alignment problem is a computationally intensive
task [7], [8], which takes several minutes to few hours, even
on super computing machines. One way to tackle this problem
is to model sequence alignment as a string matching problem.
Both the database and the query are represented as strings
composed of nucleotides and the smaller string is matched
against the larger string as shown in Fig. 1.

DNA sequencing introduces unique challenges, such as
the small alphabet size and the need for approximate string
matching. Special-purpose processors like GPUs and FPGAs
can be used to accelerate computationally intensive tasks
like string matching, as they offer high levels of parallelism
and large memory bandwidths. In this paper we propose to
use an FPGA-based solution to accelerate one of the most
popular algorithms used for nucleotide sequence alignment
called BLAST (basic local alignment search tool).

Content-addressable memory (CAM) works by comparing
the input key to all the stored data and generating match lines
indicating the presence or absence of the input [9]. In this
proposed technique, a CAM-based sequence alignment system
stores sequence data and compares the input sequence to all the
data at once, generating match lines indicating the presence of
the input sequence. The system uses a CAM that is emulated
using RAM blocks on an FPGA device. While CAM can be
expensive in terms of hardware due to the need for many
parallel comparators, it is effective in accelerating searches
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Fig. 2. A building block of D-TCAM. (Sk: Search key, MLs: Match lines, PE:
Priority encoder). (a) 64x6 TCAM emulated using 64x64 SRAM memory
made of 64 LUTRAMs and a priority encoder. (b) LUT-FF pair used for
pipelining to improve the overall throughput.

In CAM-based system that perform the sequence alignment,
preprocessing of the input key is performed. The correspond-
ing sequence is retrieved if a successful match is resulted from
the input key. The results of this method can then be used
to study things like important parts within the sequence or
guessing the shape of a protein. This method helps quickly
find and pull out sequences from big sets of data, making it a
good tool for aligning biological sequences. The value of this
method is underscored by its ability to expedite the search and
extraction of sequences from large pools of data. As such, it
stands out as a particularly effective tool for aligning biological
sequences, a task that requires dealing with extensive datasets
and demands speed and accuracy.

Emulated FPGA-based CAMs are constructed from differ-
ent types of FPGA memories, such as Distributed RAM, block
RAM, and flip-flops [11]. Our proposed design is based on the
D-TCAM which is a distributed RAM-based TCAM of 64x6
basic block as shown in Fig. 2. It provides the searching in a
deterministic time with considerable hardware utilization. Key
contributions of the proposed work are:

o We proposed an accelerated BLAST algorithm that is
based on CAM memory to compute the searching and
improve DNA search alignment through parallel process-
ing.

o A novel content-addressable memory (CAM)-based hard-
ware accelerator for BLAST algorithm is proposed.
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o The proposed design is scalable, based on the availability
of hardware resources in FPGA devices.

o We achieved a high-speed search of 200 bases sequence
(12-base DNA) in one clock cycle with 149-180 MHz.

o The hardware utilization for the 200 bases sequence
of 12-base. DNA is only 190 and 6, LUTRAMSs and
BRAMs, respectively.

II. BACKGROUND AND RELATED WORK

The available sequencing machines can sequence 50 humans
genome a day. However, it takes 1300 hours of CPU time
to align and assemble the read sequences with the reference
genome [12]. The critical step in the genome analysis is the
alignment against the reference stream which is available in the
form of a database. The database containing genome sequences
itself is growing with an outpacing speed. Accelerating of the
alignment process is performed by several works where the
FPGA-based systems have shown better performance because
of its parallel architecture [13], [14].

The first assembling of the human genome was made
possible in 1990 with a cost of 3 million USD that relied
mostly on the Sanger sequencing method [15]. It takes longer
time because of the few thousand base pairs long reads and is
expensive. Later the NGS replaces the long and slow reads
with short and parallel reads. A simple sequencing device
finishes a single human genome in days while a high-speed
[lluminas device can read about 45 genomes a day [16]. The
cost, as well as the time, has significantly reduced with time
but with the growing size of the genome database, there is a
lot to improve in terms of speed to sequence a single genome
[17].

Pairwise Sequence Alignment (PSA) is a famous technique
for sequence alignment which aligns two sequences using
dynamic algorithm [18]. It compares the two sequences and
assigns scores based on the match and mismatch. A positive
score for the match while a negative for mismatch accu-
mulates to find the highest similarity among the possible
alignment sequences. The two classical alignment algorithms
are Needleman-Wunsch (NW) which works on the global
alignment and Smith-Waterman (SW) which finds the local
alignment within the given sequences. They are used to find
the optimal alignment between the Database stream (Ds) and
Query stream (Qs) as shown in Fig. 3. A resultant H matrix is
calculated using the algorithm containing the scores between
the two sequences, but these methods are computationally ex-
pensive and takes longer time. FPGA-based implementations
are developed for the SW algorithm to reduce its complexity
from O(mn) to O(m+n), utilizing the parallel architecture. In
some cases a VLSI [19] model is developed for the sequence
alignment using systolic arrays on FPGA [20] which brings a
higher performance compared to the sequential computations
on the traditional processors.

Hash tables are an alternative to the PSA which uses a
heuristic approach to reduce the computations and get a con-
siderable alignment result. Hash tables have been widely em-
ployed for short-read mapping and a variety of other sequence
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TABLE 1
BINARY REPRESENTATION OF BASES

[ Base [ Notation | Binary |
Adenine A 00
Thymine T 01
Guanine G 10
Cytosine C 11

alignment tasks [21]. It may appear that we have exhausted all
potential applications for hash tables in sequence mapping.The
BLAST algorithm is utilized to identify analogous segments
within biological sequences in both a database and a query
[7]. Both the database and the query sequences are denoted
using strings of the English alphabet, where each character
symbolizes a nucleobase such as Adenine or Thymine. A
High Score Pair (HSP) is the term given to each matched pair
between the database and the query, and it holds significant
value for subsequent biological computations. The BLAST
algorithm is composed of three main stages:

o The query is segmented into several smaller parts or
words.

o The small words obtained from the query are compared
with the database data to identify an exact match.

o At points where the sequences align, the comparison is
extended to both sides, and the HSP is computed [22].

III. SYSTEM ARCHITECTURE

A small chunk of the database is stored in the FPGA on-
chip memory to speedup the searching operation. Block RAM
(BRAM) and distributed RAM (DistRAM) are the two major
memory components in modern FPGAs in the form of coarse-
grained and fine-grained structure. These memory components
are emulated to form a CAM that searches the input typically
in one clock cycle, which would otherwise take many clock
cycles in random-access memory. 200 bases are stored in
BRAM and LUTRAM. 11 base sequence can be detected in
one clock cycle as shown in Algorithm 1

For our sequence detector implementation, any of the FPGA
RAM blocks, i.e., BRAM and distRAM, can be used. We have
implemented our design on both memories and is kept as a
design choice on which memory would be available from the
other part of the whole design.

The TCAM, we are using in this work is a distributed RAM
based TCAM which achieves higher performance by using the
LUT-FF pairs of the modern FPGAs. The FFs in the LUT-FF
pairs (inside a slice of Xilinx FPGA) are utilized for pipelining
the whole design to improve the throughput. We store a portion
of the sequence alignment database inside the TCAM which
is compared with the input Query stream to perform the match
and mismatch.

This scoring function simply assigns a score of 1 for each
pair of matching characters at the same position in s and s,
and a score of O for each pair of mismatched characters. The
threshold ¢ can be used to filter out alignments with a score
that is too low to be considered significant.
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Algorithm 1 DNA Sequence Alignment Scoring
Input: DNA query string (s, DNA database Ds
Output: List of DNA sequences from Ds that align with Qs
1: Initialize empty list L
2: for each DNA sequence s in Ds do
3:  Compute the alignment score between Qs and s using
the following scoring function:

[Qs|
score(Qs, s) = Z[Qsz = 5]

i=1

where [-] is the indicator function.

4. if alignment score meets a chosen threshold ¢ then
5: Add sto L
6: end if
7: end for
8: return L
Databa
il \ GG CATTGATGAACCTIRS
Ds
+— 22 bits —
R GCATTGATGAA
Query CATTGATGAACIEVEYY
Stream, .
Qs ° Mismatch
Data stored :
in Distributed
TCAM
Nth 11 bases k-mer

Fig. 3. Matching between a Query and Database sequence.

1) FPGA Implementation: Figure 3 shows how the data is
stored in the TCAM where the k-mer data is arranged in such
a way that only one base is unique in each location of the
TCAM. First 11 bases from 0 to 10 are stored in location 0,
second 11 bases from 1 to 11 are stored in location 2, third
11 bases from 2 to 12 are stored in location 3, and so on. We
are storing a total of 200 bases in the TCAM memory, so a
total of 200 locations are needed and each of 22 bits.

2) Experimental setup: The small chuck of 200 bases is
stored in the FPGA-based CAM which took 6 BRAMs of
36k and 190 LUTRAMs (DistRAM). Each base is represented
by two bits as show in Table I. The DNA sequence consists
of 11 bases making it an input pattern of 22 bits for each
search operation. The design is implemented successfully on
Xilinx Virtex-7 FPGA device xc7vx690tffgl761 using Xilinx
Vivado Design Suite 2019.1 as the developmental tool with
speed grade -2. The speed obtained is 180 MHz.

The current setup stores the DNA sequencing data in the
local memory, i.e., distributed memory, and serves as a proof
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TABLE 11
FPGA IMPLEMENTATIONS

[ Memory Designs | LUTs | LUTRAMs | BRAMs [ FFs [ Speed (MHz) |

Features |

Design-I 676 190 12 8 149 4 BRAMs and 1 DistRAM
Design-IT 676 190 6 198 180 2 BRAMs and 1 DistRAM
Design-I1T 865 380 5.5 8 151 1 BRAM and 2 DistRAMs

of concept that the acceleration is possible through the CAM-
based searching. We plan to implement the off-chip memory
with large amount of data from the DNA database which will
be continuously fetching by the CAM-based memory con-
troller to perform the searching operation. The results in Table
IT shows the resource utilization and corresponding speed.
Our design is scalable as the searching can be performed
in parallel. Thus multiple memory elements and controllers
can combine together to perform the searching of large data
simultaneously.

I'V. CONCLUSION AND FUTURE WORK

Sequence alignment is a method of arranging DNA, RNA,
or protein primary sequences to find regions of similarity that
may be the result of functional, structural, or evolutionary links
between the sequences, which is a very computational task.
In this work, the DNA sequencing acceleration is performed
via the FPGA-based CAM. In the future, more data will be
stored in the off-chip memory to continuously fetch the DNA
sequence and accelerate the search process further.
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