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ARTICLE INFO ABSTRACT

Keywords: COVID-19 has threatened the whole world since December 2019 and has also infected millions of people
Hot-spots identification around the globe. It has been transmitted through the SARS CoV-2 virus. Various proteins of the SARS CoV-2
SARS CoV2

virus have an important role in its interaction with human cells. Specifically, the interaction of S-protein with
human ACE-2 protein helps in entering of SARS CoV-2 virus into a human cell. This interaction take-place
at some specific amino-acid locations called as hot-spots. Understanding of this interaction is helpful for drug
designing and vaccine development for new variants of COVID-19 disease. An attempt has been made in
this paper for understanding this interaction by finding the characteristics frequency of SARS-related protein
families using the resonance recognition model (RRM). Hardware implementation of Bandpass notch (BPN)
lattice IIR filter system architecture is also carried out, which is used for hot-spots identification in SARS CoV-
2 proteins. Various signal processing techniques like retiming, pipelining, etc. are explored for performance
improvement. Synthesis of proposed BPN filter system has been done using Xilinx ISE EDA tool on Zyng-series
(Zybo-board) FPGA family. It is found that retimed and pipelined architecture of hardware-implemented BPN
lattice IIR filter-based hot-spots detection system improves the speed (computational time) by 14 to 31 times
for different SARS CoV2 related proteins as compared to its MATLAB simulation with similar functionality.

IIR digital filter
COVID-19

1. Introduction structure in Fig. 1): (i) Spike (S) glycoprotein (ii) Membrane (M)
protein (iii) Nucleocapsid (N) protein (iv) Envelope (E) protein. All
COVID-19 (Corona Virus Disease) is a viral respiratory disease, these proteins play their own role in entering the virus into the human
which came in 2019 and is caused due to a SARS (Severe Acute cell and further spreading it from one person to other.

Respiratory Syndrome) type novel Coronavirus [1]. The virus has been Structures of the SARS CoV-2 virus signify that the E, S and M
spread among the people through the droplets from the infected person proteins collectively construct the envelope of the SARS virus [10]. The
as well as with close contact with the corona positive case. It can shape of the envelope mostly depends on M protein. The E protein is
also be transmltteq by the spitting, coughing, breathing, an('i sneezing the smallest structural protein, which can combine several molecules
of the 'COVID—19 infected Patlent [2]. The novel 'coronaV1rus has. a to form an oligomer and generate an ion channel. The E protein has
severe lrnp.act onp ers‘?ns with undernefith health‘ dlseas'es such 'fls dia- multiple roles in the viral replication cycle like (1) virion release, (2)
betes, cardiovascular disease, hypertension, chronic respiratory disease, viral assembly and (3) viral pathogenesis. The M and § proteins belong
:;' r[j_jr]{elzoy Itrllm(i);evtiilj?ii;i7 ;Zﬁf;fi;ﬁj 52.78 lakhs deaths [6] to the trans-membrane proteins, which are involved in virus assembly
P y. & . o .. during replication [12]. M protein interacts with the Nucleocapsid,

The Coronaviruses are envelop viruses with single-positive stranded . o .
Envelope, Spike and Membrane glycoprotein itself throughout the virus

RNA molecules of a large genome size of 30K longer, which belong : .
to the family Coronaviridae and subfamily Coronavirinae [7]. SARS particle assembly process. It has been demonstrated that M protein
is more common within the virus membrane, and it is significant for

CoV belongs to p-coronavirus. Coronaviruses have mainly two types - ) ;

of proteins: structural and non-structural proteins, which are encoded the promising process of coronaviruses [12]. Polymers of S proteins
from 6 open reading frames (ORFs) codes for viral replication [8— implanted in the envelope giving it a crown-like appearance, thus this
10]. Structural proteins are mainly four types (shown by SARS CoV-2 virus is named as coronavirus. S-protein mediates the interaction of
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Fig. 1. Structure of SARS CoV-2 virus and its interaction/binding with Human ACE2
target protein [11].

the virus to the host cell [13]. Spike glycoprotein consists of S1 and
S2 subunits [14]. The S2 subunit of the SARS CoV-2 virus is highly
preserved and shares 99% similarity with those of the two bats human
SARS-CoV and SARS-like CoVs. The S1 subunit has 70% similarity
with these CoVs, but the core receptor binding domain is very much
preserved. These amino-acid variations are accountable for the direct
interaction of SARS CoV-2 spike protein with the host receptor of
humans.

Structural proteins are responsible for binding the virus with host
cells by interacting with receptor proteins. Specifically SARS CoV-2
virus binds with human (according to Fig. 1) by interaction of Spike
protein with the Angiotensin-Converting Enzyme 2 (ACE2) receptor
proteins [15]. This protein has a dense edge due to which the virus is
attached more strongly as compared to other viruses of the equivalent
origin. S protein encourages the entry of the SARS CoV-2 virus into
human cells and is the main target of antibodies.

Besides these proteins, other proteins named as RNA dependent
RNA polymerase (RdRp, also named nspl2) protein is the essen-
tial component of coronaviral replication/transcription machinery and
seems to be a primary target for the antiviral drug, remdesivir [1,16—
18]. RdRp proteins of SARS-CoV-2 showcase the structural resemblance
with different amino acid residues preserved in the active site. This
resemblance makes drug designing an efficient strategy that can reduce
the drug development time as compared to that of De Novo drug
discovery.

These proteins (of a similar functional group) interact with each
other at a particular amino acid location called as hot-spot region. So
identification of these hot spot locations is very important for their
actual interaction and finding their functionality.

From our previous work [19,20], it is observed that proteins of
the same functional group share a common characteristics frequency.
Thus, the characteristics frequencies of these important protein families
are identified. Then hot-spots of SARS CoV-2 virus proteins are found
out by designing and tuning the bandpass notch (BPN) filter according
to the characteristics frequency of that particular protein family. In
work [19], the direct form-II structure of the BPN (ANF) IIR filter
was used for the identification of hot-spots in various proteins, which
has a higher area due to the requirement of two ANF filters. This
area is further reduced in work [20] by using only a single ANF
filter for the same application with more number of protein data-sets.
Different signal processing techniques including retiming, pipelining
and unfolding are also explored for a speed improvement in lattice
hardware structures of ANF IIR filter [21,22], which was used for exon
region identification in eukaryotic genes. In this manuscript, an area-
optimized VLSI hardware architecture of the BPN lattice IIR filter-based
hot-spots detection system is proposed, which is further optimized
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Table 1
EIIP values of amino acids.
S. no. Amino acid Character code EIIP value
3 letter 1 letter
1. Leucine Leu L 0.0000
2. Isoleucine Ile I 0.0000
3. Asparagine Asn N 0.0036
4. Glycine Gly G 0.0050
5. Valine Val A 0.0057
6. Glutamic acid Glu E 0.0058
7. Proline Pro P 0.0198
8. Histidine His H 0.0242
9. Lysine Lys K 0.0371
10. Alanine Ala A 0.0373
11. Tyrosine Tyr Y 0.0516
12. Tryptophan Trp w 0.0548
13. Glutamine Gln Q 0.0761
14. Methionine Met M 0.0823
15. Serine Ser S 0.0829
16. Cysteine Cys C 0.0829
17. Threonine Thr T 0.0941
18. Phenylalanine Phe F 0.0946
19. Arginine Arg R 0.0959
20. Aspartic acid Asp D 0.1263

for performance improvement using retiming and pipelining (unlike
unfolding in paper [21] due to higher area requirement). Results are
also validated through MATLAB simulation. It has been observed that
hardware simulation of proposed hardware architecture is 14 to 31
times faster for hot-spots identification in various SARS CoV2 proteins
compared to MATLAB simulation with its identical behavior. Newly
identified hot-spots are responsible for interactions of various SARS
CoV2-related proteins, which can be helpful for drug designing of new
variants of SARS CoV2 virus-related COVID-19 disease.

The remaining part of the paper is summarized as: Section 2 pro-
vides the basics of characteristics frequency and hot-spots identification
system in SARS CoV2 proteins. The proposed optimized hardware
architecture of the BPN lattice IIR filter system for hot-spots detection
in SARS CoV2 proteins is covered in Section 3. Various simulation
and synthesis results with their detailed discussions are detailed in
Section 4. Finally, Section 5 concludes the paper.

2. RRM model and designing of BPN filter for characteristics fre-
quency and hot-spots identification system in SARS CoV-2 proteins

From literature [19,20,23-25], it has been inferred that proteins of
the same functional group (or same protein family), interact with each
other and other target molecules at particular active sites. Identification
of these active sites is very essential for these types of interactions.
Thus those locations of amino-acids need to be determined, which
are responsible for this interaction. These amino-acid locations (which
define the protein functionality) are called as hot-spots, due to which
stability of active sites is ensured.

RRM model is very helpful for applying any digital signal process-
ing (DSP) technique for finding the hot-spots for protein interaction.
In RRM model, character sequence of amino acids is converted into
numerical sequence according to the electron—ion interaction potential
(EIIP) values [19] as per the Table 1. EIIP values represent the average
energy of valence electrons in amino acids and are relevant to protein’s
biological properties. Then consensus spectrum (DFT multiplication of
protein sequences) is calculated as per the following equation:

H(w) = 1} (@) || Ly@) || I3(@) || 14(@)]........| Iy (@)] €8]

where I, (), I(w), ... ....I y(w) denotes the DFTs of N-proteins. Accord-
ing to the RRM model, proteins (of the same family) interact with their
target molecules at a particular frequency known as characteristics
frequency, which is determined by a distinct peak in the plot (H(w))
of the consensus spectrum.
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Fig. 2. The complete model of IIR digital filter based system for hot spot detection in
SARS proteins.

After determining the characteristics frequency (w,) using the RRM
model, hot-spots are determined using a narrow bandpass notch (BPN)
digital IIR filter. The BPN filter model (including zero-phase filtering)
(which is shown in Fig. 2) is used for finding the hot-spots of proteins
of the SARS CoV-2 virus.

The power spectrum (represented by P;[n]) of the final filter output
is calculated as follows:

Prlnl = T[] ®)

The hot-spot locations of proteins of a particular protein family is
determined from the peaks in the plot of power spectrum (Pr[n]).

Initially, inverse-Chebyshev filters were used by [23,24] for design-
ing of BPN IIR filter, which has higher filter order (of 8). Here IIR filter
is preferred as compared to the FIR filter due to its necessity of lower
filter order to obtain the same selectivity for effective identification of
hot-spots in SARS CoV-2 related proteins.

In [25] second-order BPN IIR filter is implemented due to its lower
filter order to obtain the same selectivity for effective identification
of hot-spots in SARS CoV-2 related proteins. This filter design tech-
nique needs more iterations (of 32-order), which results in larger
computational time.

This computational time is further reduced by decreasing the filter
design time using another method [26]. This filter design process also
results in more computational time because of the N-times designing of
BPN filters. Alternatively, the BPN filter can also be designed using all
pass-filter (APF) based anti-notch filter (ANF) technique [27].

For drawing the lattice structures, consider the general form of
second-order APF [28] as follows:

ky + k(L4 ky)z7l + 272

A(z) = 3

@ = Ttk k22 @
Here, k; = R? and the value of &, ig given by:

ky = —2Rcos¢p _ —2Rcos¢p )

1+k, 1+ R?

After simplification the value of k, = —cosw.

These lattice filter coefficients k; and k, are responsible for finding
the self tuning of parameters Q (3-dB attenuation bandwidth) and
(notch frequency) respectively. Here 2 and w determine the quality
and anti-notch frequency of the ANF filter respectively. It is found that
quality (£2) and anti-notch frequency () can be easily changed by
adjusting the ANF lattice filter coefficients k; and k,, without altering
each other. Hence, multiplier coefficients k;, and k, can be indepen-
dently adjusted for controlling the quality and anti-notch frequency of
the ANF filter [21].

Hence for better quality (£2) control assuming pole radius R = 0.99,
then k;, = R?> = (0.99)> = 09840 and k, = —cosw,. It is clear
from these values that multiplier coefficient k, is constant and k, can
be easily determined just by calculating the value of —cosw,, where
w, denotes the anti-notch frequency (i.e. normalized characteristics
frequency (in radian) of particular protein family, whose hot-spots
are going to be detected). Therefor, ANF (BPN) filter can be simply
designed and tuned according to normalized characteristics frequency
(of SARS CoV-2 protein family) just by varying the anti-notch frequency
(wy) for identification of hot-spots in SARS CoV-2 proteins.
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Fig. 3. Data path of optimized BPN lattice IIR digital filter system for hot-spots
detection in SARS CoV2.

3. Hardware architecture of BPN digital lattice IIR filter system
for hot-spots detections in SARS CoV-2 proteins

BPN filter based hot-spots detection system has two parts: Data Path
and Control path.

3.1. Data path of proposed BPN filter based hot-spots detection system

The block diagram of the complete BPN filter system (indicated in
Fig. 2) is shown in Fig. 3, which denotes the data-path of the 32-bit
data flow from various blocks. This VLSI hardware architecture clearly
shows the following blocks:

. Lattice ANF Filter

. Multiplexer (MUX)

. Demultiplexer (DEMUX)
. First-in Last-out (FILO)

. Control Path

ga b wN -

Block diagram of this data path is the area optimized version of
the complete IIR filter based model (shown in Fig. 2), because only
one filter is used (at two instants of time by switching the data signal
using MUX and DEMUX) instead of two filters of the previous model.
This block diagram also shows various input, filter enable, clock, reset
and some output status signals. The control path provides the various
control signals to different blocks of the data path. First-in last-out
(FILO) block is used for storing the filter output and then reading in
reverse order by another filter (replace the R-block as in Fig. 2). In this
paper, the size of dual-port RAM (used in FILO) is equal to 2048 x 32.

First of all, external filter input is applied to the I_0 input of MUX,
whose output (Mux_out) is then supplied to lattice ANF filter input. The
output of the lattice ANF filter is stored in FI1LO, through DEMUX Y_0
(FL1_in) output. After complete writing of filter output into FILO,, itis
read in the reverse direction from FILO, and supplied again to lattice
ANF filter through MUX 1.1 input. The filter output is again stored
(through DEMUX Y_1 (FL2_in) output) in FILO,, which is then read
in the reverse direction for supplying the final external filter output
(Filt_out).

3.2. Control path FSM of proposed BPN filter based hot-spots detection
system

FSM (shown in Fig. 4) of the control path provides the various
control signals (like select and enable signals) to MUX, DEMUX, lattice
ANF filter and FILO. In this FSM diagram, FSM inputs are indicated on
the transition arrow and outputs are printed along the arrow.
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Table 2
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Various proteins used for finding the consensus spectrum of protein families of SARS CoV-2 virus.

S. no. Name of protein No. of PDB/Uni-prot IDs
family proteins
1 Spike (S) 14 6LZG, 6M1V, 6VXX, 6W41, 6WPT, 6X6P, 6XDG, 6YOR,
6YZ7, 6Z2M, 6Z43, 7BYR, 7BZ5, 7CAN
2 RdRp 9 AO0A2I4S557, AOA2P1E984, AOA2P1E991, AOA2R3SUZ4,
AO0A1W6S769, AOA2R3SUNS, AOA2R3SUU4,
AOA1U9X1J7, AOA2D3HYN3
3 ACE2 7 Q5EGZ1, Q58DDO0, Q9BYF1, Q56NL1, Q5RFN1,
Q56H28, Q8ROIO
4 Membrane (M) 10 Q0Q472, A7J8L8, Q6SRMS8, E0XIZ6, AOA4Y6GNSS,
R9QTR4, QLG76880, AOA6BIXUAO, AOAOSSDIESG,
F1BYM2
5 Envelop (E) 8 B8Q8W2, USWI28, EOXIZS5, R9QTJ1, AOA1IWSYKUS,
Q6JH43, D2E2J8, PODTC4
Rst

Filt_done=1
Mux_demux_s=0

Valid_filt_op=0 Filt_en=1

en=1 Mux_demux_s=0

FL2_rd=0

FL2/Empty=1

FL1_wr=1

FL1_wr=0
Filt_en=0

Fig. 4. FSM of control path of BPN lattice IIR digital filter system for hot-spots
detection in SARS CoV2.

There are total 8-states in this FSM, out of which four states .S,
83, S5 and .S; are used for reset state, writing and reading from FILO,
supplying the data to lattice ANF filter and providing select signals to
the MUX and DEMUX. On the other hand, the other four extra states
S5, S4, Sg and Sg are utilized for providing the synchronization and
keeping the sufficient delay between various control signals. Mealy
(i.e. output changes during the state transition) type FSM is used here
in this control path.

3.3. Optimized realization of lattice architectures of ANF digital IIR filter

BPN (ANF) IIR filter can be realized either by direct form or lattice
structures whose Hardware architectures are explored in our previous
work [21,29,30], which were used for identification of exon regions in
eukaryotic genes (different application). In this paper, lattice structures
are followed due to the requirement of less logic hardware as compared
to direct form structures, which are used for separate applications of
hot-spots identification in SARS CoV2 proteins. In this paper four VLSI
architectures of ANF lattice structures are considered: (i) original ANF
lattice filter (Method-1(M1)) (ii) Retimed ANF lattice filter (Method-
2(M2)) (iii) Pipelined ANF lattice filter (Method-3(M3)) (iv) Pipelined
and retimed ANF lattice filter (Method-4(M4)).

After analyzing the critical path delay of various proposed opti-
mized lattice architectures, it is concluded that retiming (M2) and
pipelining (M3) alone have a higher delay. But if we apply the retiming
on pipelined architecture (M4), then critical path delay is significantly
reduced by one adder delay, which improves the performance (max-
imum clock frequency) of the BPN lattice IIR filter based hot-spots
detection system.

In this paper real data type is used, because lattice filter coefficients
(k; and k,) and EIIP values of protein sequences are real numbers.
There are two options for denoting the real numbers in digital form:
floating-point and fixed-point. In this paper, the floating-point number
system (32-bit single-precision IEEE standard [31]) is followed due to
its higher range, precision and resolution as compared to fixed-point
numbers.

It is clear from different lattice architectures that the main blocks
of ANF (BPN) IIR filter are: Adder, multiplier and register. Hardware
implementation of adders and multiplier [32,33] is executed using 32-
bit single-precision floating-point arithmetic. Then, at last, these blocks
are combined according to different optimized hardware architectures
to form the ANF lattice IIR filter.

4. Results and discussion

4.1. Simulation results for determination of characteristics freq. in SARS
CoV-2 proteins family

It is known that structural proteins (S, M, E, N), RdRp proteins of
SARS CoV-2 virus and human ACE-2 proteins are very important for the
drug designing purpose. So data sets of these five protein families (as
per details in Table 2) are used for finding the characteristics frequency,
which are downloaded either from PDB data bank [34] or Uni-Prot [35]
using their IDs. Different numbers of proteins are used for finding the
characteristics frequency of any SARS CoV-2 proteins, which are listed
in Table 3. For example, 14 and 7 number of proteins are used for the
determination of characteristics of Spike and ACE2 protein respectively.

A MATLAB program is written for finding the characteristics fre-
quency of a particular protein family by checking the peaks in the
consensus spectrum of a specific functional group. Consensus spectrum
of ACE2 and RdRp proteins, are shown in Fig. 5(a) and (b) respectively.
The consensus spectrum of these figures clearly shows the peaks in their
respective plots, which indicate the characteristics frequency of various
SARS CoV-2 proteins and are listed in Table 3.

Different identified characteristics frequencies of SARS CoV2 Spike
(S), Membrane (M), Envelop (E), RdRp proteins and human ACE2 pro-
tein are 0.2738, 0.7333, 0.8378, 0.8194 and 0.4938 respectively. These
characteristics frequencies will provide an insight for the interaction of
SARS CoV-2 proteins with other living organisms.

4.2. Synthesis results of BPN lattice digital filter based hot spot-detection
system

Xilinx ISE 14.4 version of VLSI EDA tool is used for the synthesis of
lattice filter-based hot-spots detection system. In this manuscript, HDL
(here VHDL) program is written for hardware implementation of lattice
structures. The proposed design is implemented on Zyng-series (Zybo-
board) FPGA with the actual device name as ‘xc7z010-3-clg400’ for
actual FPGA validation of the proposed lattice filter design. Summary
of FPGA resources utilization and main FPGA blocks used by different
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Fig. 5. Consensus spectrum of SARS CoV2 proteins like (a) ACE2 protein (b) RdRp protein.
Table 3
Characteristics frequency of protein families of SARS CoV-2 virus, detected by our proposed RRM model.
S. no. Name of protein Sequence length Char. Freq. PDB/Uni-prot ID
family
1 Spike (S) 1281, 1247 0.2738 6VXX, 7BYR
2 RdRp 145 0.8194 AOA1W6S769
3 ACE2 805 0.4938 Q9BYF1
4 Membrane (M) 222 0.7333 QLG76880
5 Envelop (E) 75 0.8378 PODTC4
Table 4 Table 6
FPGA resource utilization. Timing summary.
Resource name Available Total used resources Parameter M1 M2 M3 M4
M1 M2 M3 M4 Min. Period (ns) 35.99 46.97 36.03 28.59
Slice registers 35200 232 228 295 302 Max. Clk Freq. (MHz) 27.78 2128 2774 3497
Slice LUTS 17600 3365 3344 3389 2918 Min. I/P arrlva'l t1m(=t before clk (ns) 11.58 40.17 11.60 13.31
Bonded IOBs 100 101 101 101 101 Max. O/P required time after clock (ns) 2.12 2.12 2.12 2.12
Block RAM/FIFO 60 1 1 1 1
BUFG/BUFGCTRLs 32 2 2 2 2
DSP48E1s 80 6 6 6 6 . . o .
4.3. Simulation results of BPN lattice digital filter based hot spot-detection
system
Table 5
Summary of FPGA hardware blocks. Protein data sets are downloaded into MATLAB through their
Hardware block M1 M2 M3 M4 UniProt/PDB IDs using the MATLAB sequence viewer toolbox. These
Dual port RAM 2 2 2 2 protein character sequences are then mapped to numerical values
Multipliers 3 3 3 3 using the EIIP method. These EIIP values are then utilized for finding
iggm/ Subtractors ?3 ?3 ?3 ?3 the characteristics frequency in the SARS CoV2 protein family and
ers L . .
Subtractors 17 17 17 17 hot-spots detection in those‘protelns. For validation (through FPGA
Registers 16 16 18 18 implementation) of the lattice BPN filter-based hot-spots detection
Comparators 21 21 21 21 system, these numerical sequences (real values) are then converted
g“h‘l’lexers ?(1)2 ?(1)2 ?(1)2 :1%(1)2 to 32-bit single-precision floating-point numbers using the ‘float2bin’
ors . . . . .
FSMs 1 1 1 1 MATLAB function and saved in an input text file. These floating-

hardware architectures are indicated in Tables 4 and 5 respectively. It is
clear from Table 4 that almost the same amount of FPGA resources are
used for different lattice architectures, in-fact less number of slice LUTs
are used for M4 structure. Table 5 also indicates the similar amount of
FPGA Hardware blocks used by different architectures (except only two
extra registers for pipelined (M3 & M4) lattice filter structures).

The timing summary of FPGA implementation of various proposed
lattice filter architectures is also shown in Table 6, which reveals that
the practical minimum period of the M4 structure has the lowest value
(28.595 nS) compared to other lattice structures. Power analysis of the
proposed lattice IIR filter is also carried out using the Xilinx XPower
Analyzer tool without applying any constraints. Total power using this
tool is calculated as 42 mW. Therefore, it is clear from Tables 4-6 that
the performance of the BPN filter based hot-spots detection system has
been improved using pipelined and retimed (M4) lattice architecture
without much overhead of logic hardware.

point values are then read into the Xilinx ISE tool through the VHDL
testbench and supplied to the proposed hardware design under test
(DUT). Floating-point output values of this lattice filter are written
into the output text file, which is then read into MATLAB and again
converted to real values using the ‘bin2float” MATLAB function. The
power spectrum of these real values of lattice BPN filter output is
calculated and the graph is plotted for hot-spots detection in SARS
CoV2 proteins.

Verification of the proposed lattice filter design is carried out
through its hardware simulation using Xilinx ISE 14.4 simulator. For
this simulation, the k, filter coefficient is provided to the proposed
design for various proteins according to the characteristics frequency
of a particular SARS protein family. The simulation waveform of the
proposed design indicates the different inputs, outputs and interme-
diate signals of the proposed design. Filtering starts after filter en =
1 and it continue until filtering done = 1 (i.e. filtering is complete).
Valid filter output is available on output data bus for valid_filter op =
1. Hence hardware simulation time (i.e. total computational time (CT))
is calculated from filter_en = 1 up to filtering_ done = 1. For calculation
of this CT, the total number of clock pulses (L) for this duration are
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Computational time comparison for MATLAB and hardware simulation of proposed BPN lattice IIR filter based hot-spot detection system.

S. no. Protein name MATLAB CT M CT (ps) of proposed hardware Speed improvement
(ps)

Without any With pipelining ~ Without any with pipelining
optimization and retiming optimization and retiming

1 E protein 204 233 8.386 6.662 24 31

2 RdRp protein 367 443 15.945 12.667 23 29

3 M protein 574 674 24.259 19.272 24 30

4 ACE-2 protein 1117 2423 87.213 69.283 13 16

5 S protein 1571 3851 138.612 110.115 11 14

counted. After exploring the waveform it is found that external protein
sequence data (of sequence length = N) is traced three times plus some
extra 8-clock pulses are required for synchronization between different
blocks. Hence, total number of clock pulses L = 3 X N + 8. Then total
CT is computed as CT = L x T, where T is the minimum critical path
delay (which is found from synthesis results).

The hardware simulation results of the proposed design are also
validated through its software simulation, which are carried out using
MATLAB 2014a. Computational time (CT) of software simulation is
calculated using MATLAB ‘tic’ and ‘toc’ commands. For this calculation
average CPU time of MATLAB 100-runs (for each data sample) is
recorded.

CT of hardware and software (MATLAB) simulation of proposed
BPN IIR filter for hot-spots detection in various SARS CoV2 proteins
is compared in Table 7. This table signifies that computational time
increases with the sequence length of different SARS-related proteins.
CT of proposed lattice hardware BPN filter (without any optimization)
varies from 8.386 to 138.612 ps for various SARS proteins, which is
further reduced to 6.662 to 110.115 ps using pipelining and retiming
techniques. This table also implies that the performance (speed) of
the proposed hardware BPN filter-based hot-spots detections system
is improved by 14 to 31 times for different SARS CoV2 protein data
samples as compared to its MATLAB implementation.

4.4. Discussion of simulation results for hot-spots identification in SARS
CoV-2 related proteins

After determining the consensus spectrum of SARS CoV-2 related
protein families, the proposed tunable BPN IIR filter is tuned according
to the characteristics frequencies of various proteins, which are then
used for finding the hot-spots in those proteins. Both FPGA hardware
implementation and MATLAB simulation are done for the proposed
design and hot-spots in proteins are detected by peaks in the plot
of the power spectrum of BPN lattice filter response. In our previous
work [19,20], the proposed BPN Filter was verified using 11-protein
sequence data-sets of easily available ASEdb database [36,37] (in which
hot-spots were identified using laboratory-based wet-lab experiment
ASM-method). Here for example result of one standard data-set of FGF
protein is shown in Fig. 6, which indicates the similar identified hot-
spots for both hardware implementation and MATLAB simulation of
the proposed BPN filter. Same hot spot locations (24, 96 and 103) as
of reported in ASEdb database [36,37] are detected. In paper [19,20],
mostly hot-spots were identified (by our proposed BPN filter system)
mentioned in the ASEdb database. More than 70% success rate was
obtained by our proposed BPN filter for hot-spots identification. In this
paper, the same BPN filter is used, therefore we can believe that the
proposed BPN filter will also correctly identify the hot-spots in SARS
CoV-2 related proteins.

Plots of Power spectrum vs amino acids locations for SARS CoV-
2 envelop (E) protein is shown in Fig. 7. In this figure, (a), (b) and
(c) parts respectively indicate the power spectrum plots of MATLAB
implementation, FPGA hardware (without any optimization) and FPGA
hardware (with pipelining and retiming technique) implementation.
These same plots signify the same behavior of the proposed BPN lattice
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Fig. 6. Detection of hot-spot locations for standard data-set of FGF protein by BPN IIR
filter using (a) MATLAB simulation (b) Hardware implementation.
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lattice IIR filter using (a) MATLAB approach (b) FPGA hardware without retiming (c)
FPGA hardware with retiming.

filter for hot-spots identification in SARS CoV2 proteins for three types
of implementation.

Various hot-spots identified in other SARS CoV2 proteins such as
Membrane (M) and RdRp proteins are shown in Fig. 8(a) and (b)
respectively. The peaks in these figures denote the locations of hot-
spots, which are clearly visible. Some of the hot-spots are denoted in
these figures and other complete hot-spots (identified by our proposed
hardware architecture) of E, M and RdRp proteins are shown in Table 8.
This table reveals that 10 (at the amino acid location of 5, 11, 17,
23...), 24 (at locations 5, 10, 16, 21...) and 34 (at locations 5, 9, 12,
16...) numbers of hot-spots are identified by our proposed hardware
BPN lattice filter architecture in E, RARp and M proteins respectively.

ACE2 proteins are the primary target for SARS CoV-2 attack. Except
for human this protein also exist in other organism species like rat,
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Table 8
Hot-spots identified by proposed BPN lattice IIR filter based hot-spot detection
system.

S. no. Protein name Identified hot-spots

1 E protein 5, 11, 17, 23, 29, 35, 41, 47, 53, 59

2 RdRp protein 5, 10, 16, 21, 27, 33, 38, 44, 50, 55,
60, 66, 71, 77, 82, 88, 93, 99, 104,
110, 115, 121, 126, 132

3 M protein 5,9, 12, 16, 20, 24, 27, 31, 35, 39,

42, 46, 50, 54, 57, 61, 65, 69, 72, 76,
80, 83, 87, 91, 95, 98, 102, 106, 109,
113, 117, 120, 124, 128

mouse, bovin, etc. So ACE2 proteins of these species are also consid-
ered for calculating the characteristics frequency through its consensus
spectrum. It is well known that for developing any vaccine or drug
for any disease like COVID-19, it is required to test the vaccine on
other organisms like rats, mouse and monkeys before applying the
vaccine on humans. So for finding the interaction of the SARS CoV2
virus with these organisms it is desired to get the knowledge of hot-
spots, which will be very helpful for testing the vaccine or drug of
COVID-19 on other species like rats, mouse before actual applying on
human-being. The identified hot-spots in the SARS CoV-2 virus can
be used as a useful resource for designing of new antiviral drugs and
discovering the vaccine for SARS CoV-2 (COVID-19) disease. Hot-spots
identification using the proposed hardware architecture of the BPN
lattice IIR filter-based hot-spot detection system can speed up the drug
design process due to its speed improvement of 14 to 31 times as
compared to MATLAB implementation.

5. Conclusion

The paper presents the role of various proteins in the SARS CoV-2
virus. The RRM model is further used for finding the characteristics
frequency of five protein families S, M, E, RdRp and ACE2 protein
as 0.2738, 0.7333, 0.8378, 0.8194 and 0.4938 respectively. Various
VLSI hardware architectures of the BPN lattice IIR filter-based hot-spot
detection system are also explored. Then, the BPN lattice filter is tuned
(according to characteristics frequency) for the identification of hot-
spots in S, M, E, ACE2 and RdRp proteins. Performance (speed) of these
hardware architectures is improved using different signal processing
techniques like retiming, pipelining, etc. It is found that retiming along
with pipelining decreases the critical path delay, which in turn in-
creases the maximum clock frequency (hence performance is improved)
of the BPN lattice IIR filter. It is observed that optimized hardware
architecture (through its FPGA implementation) of BPN lattice IIR filter
improves the speed by 14 to 31-times for hot-spots identification in
various SARS CoV2 proteins as compared to its software (MATLAB)
implementation with similar behavior. It is found that 34, 24 and 10
numbers of hot-spots are clearly detected in SARS CoV2 related M,
RdRp and E proteins using the proposed hardware architecture of the
BPN lattice IIR filter. Identification of characteristics frequency and

hot-spots of these proteins are helpful for designing of new antiviral
drugs and discovering the vaccine for new variants of SARS CoV-2
(COVID-19) disease.
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