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Abstract: Introduction: An efficient higher-order filter architecture is designed and implemented
for ECG signal processing applications. To prune the latency of the architecture, the retiming tech-
nique is considered for the design of less memory type Finite Impulse Response (FIR) filter archi-
tecture. The optimized multipliers and adders are key blocks in the filter architecture to increase
the latency and Power Consumption (PC).

Methods: In this regard, an optimized Radix-4 Booth Multiplier (RBM) is designed using a modi-
fied booth encoder and selector blocks along with the proposed improved version of Square Root
Carry Select Adders (SRCSLA). The design metrics of the multiplier, which is used to multiply
the inputs and coefficients of the filter also improved by using the proposed SRCSLA. For the pro-
posed SRCSLA, The Carry Look Ahead (CLA) adder and Carry Skip Adder (CSA) are combined
and modified for the proposed SRCSLA. Different bit size-based SRCSLA adders are implement-
ed for the proposed multiplier architecture and to accumulate the final filter output. The adder
structure  speed  is  improved  by  modified  carry-producing  and  propagating  blocks.  The  retim-
ing-based FIR filter architecture with order N = 32 is coded by HDL and synthesis is carried out
using Genus synthesis tools in 45nm CMOS technology provided by CADENCE.

Results: Area Complexity (AC), Delay Complexity (DC), and PC are estimated by the reports gen-
erated by the software tool. The trade-off design metrics Area-Delay-Product (ADP) and Pow-
er-Delay-Product (PDP) are also estimated and correlated with the conventional filter structures
and existing filter architectures.

Discussion: The proposed higher-order FIR filter architecture demonstrates significant improve-
ments in latency and power efficiency for ECG signal processing by leveraging retiming tech-
niques and optimized arithmetic blocks. The integration of an enhanced RBM with a novel SRCS-
LA, which combines features of CLA and CSA, results in faster and more power-efficient compu-
tation. Synthesized in 45nm CMOS using Cadence Genus, the design shows reduced Area, Delay,
and Power. However, the complexity of SRCSLA logic and increased design overhead for retim-
ing may present scalability and implementation challenges for ultra-high-order filters.

Conclusion: The proposed work is better comparatively existing works using the retiming con-
cept.

Keywords: Booth multiplier, CLA, CSLA, FIR filter, low power retiming, ECG signal.

1. INTRODUCTION
In biomedical signal processing applications, ECG sig-

nal processing is a good example for the research. ECG sig-
nal  is  distorted by various noise  sources  which causes  the
wrong interpretation and analysis. A denoising filter is re-
quired for the proper analysis of ECG information and
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interpretation  [1].  Here,  a  low  power-area-based  high-
er-order architecture of the FIR filter with high speed is de-
signed for ECG denoising applications. The cost of the high-
er-order filter is increased by the multipliers and adders. The
latency of the filter architecture is proportionally increased
by the higher the filter length. The architecture of the pro-
posed FIR filter architecture block is highlighted in denois-
ing  applications  of  the  ECG  signal,  as  shown  in  Fig.  (1).
Various  available  filter  architectures  for  different  applica-
tions are described in the literature survey of this paper.
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Fig. (1). Flow of the Denoising the ECG signal using FIR filter. (A higher resolution / colour version of this figure is available in the electron-
ic copy of the article).

2. LITERATURE SURVEY
This section provides an overview of current filter archi-

tectures  and  their  fundamental  attributes.  The  Transposed
Form (TF) FIR filter consists of multipliers and adders, re-
sulting in  a  significantly  reduced latency.  With  each filter
tap, the length of the addition path word increases by one.
Therefore, the critical path increases. As a consequence, the
input capacitance and the area of the Direct Form (DF) filter
both  experience  an  increase.  Hardware  resource  reduction
may  be  possible  with  symmetric  convolutions.  They  have
not been implemented in modern transposed block FIR de-
signs. Thus, we investigate symmetric convolution in trans-
posed parallel FIRs and suggest a hardware-efficient parallel
design. For temporal reuse of intermediate tap products, the
proposed design adds delay components following multipli-
ers.  This  halves  the  multipliers  needed.  We  can  get  up  to
3.2×  and  1.64×  area  efficiency  increases  over  the  current
transposed block technique for reconfigurable and fixed de-
signs, respectively. The STB-FIR architecture for hardware--
efficient, high-speed signal processing is proven by these re-
sults  [2].  FIR  filter  computational  complexity  grows  with
length hence many methods have been devised to build prac-
tical FIR filter topologies. The multiple input multiple out-
put (MIMO)-based parallel FIR filter architecture often re-
quires a large area for realization as parallelism and filter or-
der  increase.  The  work  [3]  presents  an  architecturally  en-
hanced, novel parallel architecture for FIR filter design that
eliminates  resource  dependencies  on  parallelism.  The
suggested architecture limits the number of multipliers re-
gardless of parallelism and adjusts data flow to improve iter-
ation time. In this study, the level of parallelism (L) is set to
8, which is neither too low nor too high. Increasing L will in-
crease the number of samples generated at a given time. The
work is shown utilizing tap 16 FIR filter on FPGA VIRTEX
4 xc4vsx35-10ff668 and VIRTEX 5 XC5VSX95T-1FF1136
platforms  and  filter-order  16  on  ARTIX  7  xc7a200t-2f-
bg676. Khoo et al. [4] reported that dividing the DF-FIR fil-
ter into sub-filters and limiting its cycle time can improve its
efficiency. Samueli [5] used timing-driven logic optimiza-
tions to minimize filter implementation costs. Chandra and
Chattopadhyay [6] reviewed several hardware-efficient FIR
filter designs and found them satisfactory. The definitions of
optimization algorithms were comprehensively outlined in a
methodical style. The topic of sequential circuit retiming is
discussed in detail [7]. Distributed arithmetic (DA)-based re-

configurable  FIR  filters  are  appropriate  for  SDR  applica-
tions [8]. Due to the complexity of sum and carry bit crea-
tion, DA-FIR filter adder and multipliers limit area and pow-
er  dissipation.  PPA based on Ling equation reduces  adder
hardware implementation time. A field-programmable gate
array implements the Verilog hardware description language
(HDL)-designed MDA-RFIR filter for N = 64 with 64 taps.
Validated SDR channel equalization design integrates RFIR
and  SDR  into  a  single  system  using  Artix-7  development
board XC7A100tCSG324. Jiang and Brayton [9] performed
retiming  and  synthesis  of  logic  architectures,  focusing  on
their complexity. Yagain and Vijay [10] employed a combi-
nation of retiming and the multiplier-less filter method. Me-
her [11] employed cut-set and adaptable retiming techniques
to create the delays of conventional DF filters, albeit result-
ing in increased area penalties.

Thakaral et al. [12] constructed FIR filters using unfold-
ing transformation,  Vedic multiplication,  and Carry Incre-
ment Addition. Swati and Himanshu [13] observed no signif-
icant performance improvement over DF-FIR filters in their
Wallace multiplier-based FIR filter design. Krishnamurthy
et al. [14] used a pipelined bypass multiplier with CLA ad-
ders  to  create  an  FIR  filter.  They  achieved  a  latency  gain
over  a  standard  DF-FIR filter  with  more  area  complexity.
Rai et al. [15] built an FIR filter architecture for order 16 us-
ing optimized Vedic multipliers. In this work, latency and en-
ergy efficiency over the DF-FIR filter ware improved with a
little bit of extra hardware. Ting et al. [16] proposed pipelin-
ing  the  adaptive  LMS predictor's  multiplier  and FIR filter
with fine-grain pipelining for electronic measurement appli-
cations.  The  power  is  reduced  and  high  throughput  is
achieved  with  more  area.  Meher  and  Park  [17]  increased
adaptive FIR filter throughput with pipelining. They added
trees to a typical FIR filter to generate two levels of pipelin-
ing, reducing critical route length while increasing area and
latency. Pipelining in digital signal processing circuits has
many  applications,  as  Meher  [18]  has  shown.  Faust  et  al.
[19] used transposed pipelines for structural adders in FIR
filters. Pipelining delays increase hardware complexity to im-
prove critical route length.

To accommodate the requirements of their adaptive filter
design,  Pramod  and  Shahana  [20]  created  modified  trans-
pose form FIR filters and an improvement in CPD as well as
a reduction in the adders in the CPD through the recreating
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of  delay  taps  and  the  successful  retiming  of  FFs  are  ob-
tained.  In  [21],  the  author  discusses  a  quick  adder  that
makes use of multiplexers and NOR gates. In [22], a discus-
sion is  held on low-power VLSI designs that  make use of
the  retiming  transformation  approach.  Recently,  high-
er-order filter architectures have been proposed using an ap-
propriate retiming delay in the structure [23]. Recently, one-
dimensional FIR filter architectures have been proposed in
[24, 25], which describes the improvement in the VLSI de-
sign  metrics  of  the  architectures  using  Look-Up  Table
(LUT) based Distributed Arithmetic (DA) logics. Next, vari-
ous two-dimensional FIR filter architectures are also provid-
ed by Odugu et al.  [26-29]. In these works, the arithmetic
blocks, such as multipliers and adders, are optimized in dif-
ferent ways, such as Canonical Signed Digit (CSD), LUT--
DA,  approximate  circuits,  and  high-speed  arithmetic  cir-
cuits. The modified CLA and Carry select concepts are com-
bined to produce the high-speed adder structure to improve
the design parameters of the architectures. In the existing fil-
ters, the higher throughput also increases the complexity of
the filter structure. In this paper, high throughput and higher
order  filter  architecture  are  proposed  with  less  hardware
complexity using retiming concept and high-speed multipli-
ers and adders. The optimizations in the multipliers are dis-
cussed  in  the  design  of  2D  FIR  filters  [30-36].  The  rede-
signed, direct form register structure of FIR filters permits
reuse and concurrent computing with fewer registers. The la-
tency of DA and other conventional methods rises with filter
length. This is because adders produce distinct partial prod-
ucts. Due to the complexity of sum and carry bit creation, ad-
ders and multipliers in DA-FIR filters limit area and power
dissipation. Ling equation-based parallel prefix adder (PPA)
usage reduces adder hardware implementation time. PPA us-
es shift-add multiplication, also known as Bypass Zero feed
multiplicand in direct multiplication, to efficiently maximize
area-power  product.  An  MDA-based  RFIR  filter  with  64
taps is designed. Field-programmable gate arrays implement
Verilog hardware description language designs. Also, this de-
sign confirms SDR channel equalization.

Some of the advanced approaches for the realization of
the FIR filter architectures are reported here. A narrow tran-
sition-band  FIR  filter  is  designed  using  back-propaga-
tion-based deep learning in this research [37-47]. The deep
learning-based approach unifies FIR filter design. Analytical-
ly, the suggested technique converges when weights across
neighboring layers are updated constantly. Simulations have
shown the frequency response characteristics of numerous
FIR filters with narrow transition bands developed using the
proposed approach. Our design strategy also has magnitude
response advantages over other current state-of-the-art solu-
tions.  Simulation  results  demonstrate  improved  transition
bandwidth  compared  to  a  few  current  efforts.  After  being
built on Altera's Cyclone IV FPGA processor, the suggested
design's hardware efficiency has been proven by comparing

its hardware cost to various state-of-the-art FIR filters.
Complex dynamic behaviors are common in high-dimen-

sional,  high-frequency  continuous-vibration  control  chal-
lenges. Conventional control approaches struggle to find vi-
bration-suppressing control laws for complicated systems. A
new vibration controller employing reinforcement learning
(RL) and a finite-impulse-response (FIR) filter is proposed
in this study [48]. The vibration mechanism was first simu-
lated with enough physical correctness. Then, the simulator
and deep deterministic policy gradient method found a near-
optimal control strategy to achieve goals. Finally, real-world
trials with high-dimensional and high-frequency dynamics
ran  the  neural  network  control  strategy  directly  on  a  con-
troller. Traditional digital FIR filters have drawbacks. These
FIR filters cannot filter undesired signals. An optimization
technique for building digital FIR filters using the Back Pro-
pagation Neural Network (BPNN) algorithm is proposed in
this research to overcome these constraints [49]. The linear
features of digital FIR filters were used to create an ampli-
tude  response  model.  Then,  the  BPNN method  minimizes
the estimated error between the ideal and real amplitude re-
sponse to obtain the optimal digital FIR filter coefficients. Fi-
nally,  many  design  examples  are  used  to  test  our  BPN-
N-based optimal  design.  Simulations  demonstrate  that  our
BPNN-based  optimal  solution  outperforms  sequential  and
rectangular window designs in filtering but has higher com-
puting complexity.

In the work [50], the design of 8 x 8 Vedic multipliers us-
ing the “UrdhvaTiryagbhyam” Sutra, “Nikhilam Sutra,” and
Karatsuba algorithm. It uses four four-by-four Vedic mod-
ules, an 8:1 carry-save adder, and two nine-bit binary adders
to yield a 16-bit product. The UrdhvaTiryagbhyam method
divides multiplications, the Nikhilam Sutra employs binary
complements,  and the Karatsuba technique improves huge
multiplications. The suggested addition microarchitecture in-
cludes a Fast Carry Switching Adder, Kogge-Stone Adder,
selection signals, and speculative logic to increase carry pro-
pagation time. An FIR filter and CNN processing element
show considerable speed and efficiency improvements with
the  Vedic  multiplier.  In  another  work  [51],  a  square  root
CLA-based filter is designed in 45nm technology to process
the  ECG signals.  From these  works,  few features  are  also
considered.

The innovative features of this paper are:
• A higher-order differential filter is utilized to construct

an efficient  FIR filter  architecture  for  denoising ECG sig-
nals.

• This architecture is designed to optimize space, power,
memory, and delay in ECG signal-denoising applications.

• A high-speed SRCSA is designed using redesigned car-
ry generate and propagate modules, reducing the reliance on
CPD.

•  The  speed  of  the  RBM  is  increased  by  utilizing  the
suggested SRCSA adders for the accumulation of the partial
products.
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Fig. (2). Conventional DF architecture of FIR filter for the length N = 32. (A higher resolution / colour version of this figure is available in
the electronic copy of the article).

Fig. (3). Normal DF architecture of FIR filter with retiming delays for the length N = 32. (A higher resolution / colour version of this figure
is available in the electronic copy of the article).

Fig. (4). Proposed retiming-based filter architecture for N = 32. (A higher resolution / colour version of this figure is available in the electron-
ic copy of the article).

• The concept of retiming is strategically implemented at
specific locations to decrease the latency of the overall high-
er-order filter design.

•  The  suggested  FIR  filter  architecture,  with  a  filter
length of N = 32, is developed and synthesized using 45nm
CMOS technology. VLSI design metrics reports are provid-
ed and compared to those of state-of-the-art filters.

3. MATERIALS AND METHODS
The conventional FIR filter in the direct form for N = 32

is presented in Fig. (2) and the conventional filter with retim-
ing delays is shown in Fig. (3). The architecture consists of

registers,  multipliers,  and  adders.  The  overall  architecture
critical path is high and can be reduced by the concept of re-
timing. The normal Ripple Carry Adder (RCA) delay is also
very high. In the proposed work, high-speed adders such as
CLA and Carry Skip Adder (CSA) methodologies are com-
bined,  and  a  new high-speed  adder  SRCSLA is  proposed.
This proposed adder is utilized for the sum of Partial Prod-
ucts (PP) of the multiplier and as well as to accumulate the
outputs of the individual multipliers to produce the overall
output of the filter. Next, Retiming can be utilized to mini-
mize  a  circuit's  CPD,  quantity  of  memory  elements,  and
power consumption. Retiming is used in this case to shorten
the CPD and hence the time of the clock without increasing
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delay.
The proposed filter design for a 32-length FIR filter is

shown in Fig. (4). It is realized by a 4-tap delayed produc-
tion Sub-Filter (SF), a 4-tap Delayed Sub-Filter (DSF), and
three eight-tap DSFs. The dR1, dR2,dR3, and dR4 represent
the delays induced by retiming delays in locations 1, 2, 3,
and 4, respectively. The delay dR4 separates the adders and
multipliers in a DSF and restricts the delay of the multiplier,
Tm. The delay dR3 limits the maximum combinational de-
lay of DSF added to 2Ta. The FFs dR1 and dR2 guarantee
that the filter's remaining section's maximum combinational
route delay to the final result is equal to or less than 2Ta. It
needs to be observed that for filter lengths exceeding 32, the
amount of DSF taps can be raised proportionately, decreas-
ing the taps.

The proposed filter architecture is a retimed filter struc-
ture  that  employs  efficient  SRCSLA adders  and  enhanced
R4BM over long delay lines. The CPD of the proposed fil-
ter, taking into account the delays in positions 1, 2, 3, and 4,
can be expressed as the delay corresponding to the multipli-
er and adder by:

(1)

Where tm0, is the multiplication time to compute the co-
efficient-input sample product term and taf is the maximum
bit-width final addition time. Equation (1) shows that utiliz-
ing  a  less  delay  multiplier  and  adder  along  the  long  path
channels can lower CPD. Therefore, delay-efficient adders
and multipliers replace the first 3-taps' adders and multipli-
ers. Low delay adders replace all intermediate delayed DR2
and filter output adders. Partial product addition with the de-
lay-efficient adder reduces RBM latency. RCA was replaced
by a delay-efficient SRCSLA adder to enhance RBM laten-
cy.  Reduced delay costs  more area and power.  Thus,  only
time-consuming routes apply the delay effectiveness multi-
plier.

3.1. Proposed Single CSLA and SRCSLA Adder Struc-
tures

A traditional CSLA is implemented using the RCA-RCA
architecture, which produces carry and sum corresponding
to the input carry values of Cin = 0 or 1. It then selects one
of each pair to obtain the final values of carry and sum [37].
Despite  having a  lower  CPD compared to  a  regular  RCA,
the dual RCA construction of a conventional CSLA is con-
sidered unappealing. There have been limited efforts to pro-
hibit the use of dual RCA in CSLA design.

Instead of utilizing two RCAs, Kim and Kim [38] opted
for a single RCA and MUX-based circuits. They (referred to
as “et al.” in academic writing) proposed a SQRT-CSLA as
a  method for  effectively  implementing large  bit-width  ad-

ders. A SQRT-CSLA is formed by cascading CSLAs of pro-
gressively larger sizes. The primary objective of SQRT-CS-
LA is to minimize the delay of adders by offering parallel
carry transmission channels. Ramkumar and Kittur [40] pre-
sented a BEC-based CSLA technique. Although BEC-based
CSLAs have reduced logic resource requirements, they ex-
hibit increased latency.

An ordinary CSLA based on Boolean logic was present-
ed [41, 42]. The CBL-based CSLA [41] utilizes fewer logic
resources compared to the original CSLA while maintaining
a similar CPD to the RCA. The problem is addressed by pro-
posing CBL-based SQRT-CSLAs [42]. This design utilizes
a greater amount of logical resources and experiences longer
delays compared to the BEC-based SQRT-CSLA [43].

According to a survey of the literature, optimization in
the logic relies on redundant processes corresponding to the
given expression, while adder latency depends on the data.
Existing  designs  optimize  logic  without  considering  data.
This short examines traditional and BEC-based CSLA logic
operations for  data dependency and duplicate  logic opera-
tions [46]. This paper proposes a logical CSLA formulation
based on these observations. The data dependence logic for-
mulation and a new type of Carry Generator (CG) block and
Carry Select (CS) block architecture in Fig. (5) are the brie-
f's main contributions.

Fig. (5). Proposed CSLA adder for adding the individual multiplier
outputs. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).
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Fig. (6). Individual blocks of CSLA. (a) Generate half sum (GHS) block; (b) Carry generation for 0 (CG0) block; (c) Carry generation for 1
(CG1) block; (d) Carry select (CS) block; (e) Generate full sum (FSG) block. (A higher resolution / colour version of this figure is available
in the electronic copy of the article).
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The logical expressions for the proposed CSLA are ex-
pressed in equations (2-9),

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Fig. (5) depicts the structure that corresponds to the ex-
pressions mentioned above. One Generate Full Sum (GFS)
block, one Generate Half Sum (GHS) block, one CG block,
and one CS block comprise it. Two CG blocks, such as CG0
block and CG1 block, which correspond to the input carry of
'0' and '1' comprise the CG block. Given two n-bit operands
(A and B),  the GHS gives  a  half-carry C0 and a  half-sum
S0, both of which have a width of n bits. Upon receiving S0
and  C0  from  the  GHS,  CG0,  and  CG1  produce  two  n-bit
words of the full Carry, denoted as C10and C11, which are
equivalent to the input-carry values '0' and '1' corresponding-
ly. In Fig. (6a), the structural diagram of the GHS block is il-
lustrated.

The CG0 and CG1 logic blocks are tuned to make use of
the  fixed  input-carry  bits.  Fig.  (6b  and  c)  illustrate  the
mixed logic designs of CG0 and CG1, respectively. Accord-
ing to  the  Cin signal,  the  CS block picks  one of  the  carry
words as the final carry from the available two carry words
on its input line. When Cin = 0, it chooses C10; otherwise, it
chooses C11. An n-bit 2x1 MUX can be used to implement

the CS unit. However, we can see from the CS block's truth
table that carry-words C10 and C11 follow a precise bit pat-
tern.  If  C10i=1, then C11i=1, regardless of S0(i)  or C0(i),
for 0≤i≤n-1.

This functionality is used to optimize the logic of the CS
block. Fig. (6d) shows the best CS block design of n AND-
OR  gates.  CS  contains  the  last  carry  word  ‘C’.  Fig.  (6e)
shows how the FSG XORs (n-1) LSBs with (n-1) MSBs of
half-sum  (S0)  to  form  (n-1)  MSBs  of  final-sum  (S).  S0's
LSB is XORed with Cin to get S's.

SRCSLA, a chain of CSLAs, completely leverages multi-
path carry propagation. To maximize carry propagation chan-
nel  concurrence,  the  SRCSLA  uses  CSLAs  of  increasing
size. The SRCSLA architecture constructs huge adders with
significantly reduced latency compared to a single-stage CS-
LA. The carry propagation time between the SRCSLA and
CSLA stages has an impact on the total latency of the adder.
The recommended CSLA architecture is preferable to cur-
rent designs for area-delay efficient SRCSLA implementa-
tion because it  incorporates  early  output  carry with  multi-
path carry propagation. Fig. (7) demonstrates a 16-bit SRCS-
LA design, which incorporates the 2-bit RCA, 2-bit CSLA,
3-bit CSLA, 4-bit CSLA, and 5-bit CSLA from the planned
CSLA. To ascertain the filter output, the outputs of the multi-
pliers are summed utilizing this 16-bit SRCSLA.

3.2. Proposed Structure of the RBM
Booth multipliers have been increasingly popular in re-

cent years because of their effective use of space, little de-
lay, and energy-saving design. The primary concept behind
Booth multiplication is to utilize the Booth encoding tech-
nique to reduce the number of incomplete products. The con-
ventional Booth multiplier architecture exhibits increased la-
tency due to the sequential accumulation of partial products
and occupies a larger physical footprint as a result of the in-
volvement of numerous logic resources. Consequently, nu-
merous endeavors have been undertaken in academic

Fig. (7). Square Root CSLA (SRCSLA) for n = 16. (A higher resolution / colour version of this figure is available in the electronic copy of
the article).
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Fig. (8). Architecture of the proposed 8×8 RBM using the proposed SRCSLA. (A higher resolution / colour version of this figure is available
in the electronic copy of the article).

literature to develop Booth multipliers that are effective in
terms of both area and latency. The following are the signifi-
cant  advancements  in  this  field  over  the  previous  two  de-
cades. The R4BM designs were recently presented [44, 45].
Two designs for area and delay optimization are proposed
[45]. However, for the addition of encoded partial products,
these systems require 15-bit adders, which doubles the com-
plexity. The 8×8 RBM performs the simultaneous addition
of encoded partial products to reduce time. They updated the
Booth Encoder (BE) and Binary-to-2's Complement Convert-
er (B2CC) designs for this arrangement.

In addition, the RBM design used a new CLA-based CS-
LA. However, in a study [45], BM design has redundant log-
ic. Thus, the current Booth multiplier structure [45] needs la-
tency  and  area  improvements.  The  next  section  examines
this study’s [45] structure and several internal components
to find the duplicate logic. This section thoroughly analyzes
[45-50]'s latest BM design for area-delay minimization (Fig.
8). The system includes B2CC, three BEs, a 4x1 MUX, and
Adder Trees (AT). This design multiplies A and B in three
steps.  The  first  phase  creates  radix-4  Booth-encoded  PPs,
which are added in the 2nd and 3rd steps. Thus, Figs. (9-11)
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Fig. (9). Internal structure of the binary to 2’s compliment converter (B2CC) block. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

Fig. (10). Gate level structure of the booth encoder (BE) and selector for the generation of partial product of PPi. (A higher resolution /
colour version of this figure is available in the electronic copy of the article).
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Fig. (11). Gate level structure of the BE and selector for the generation of partial product of PP0. (A higher resolution / colour version of this
figure is available in the electronic copy of the article).

Fig. (12). Architecture of the 9-bit SRCSLA for Booth multiplier. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

Fig. (13). Architecture of the 10-bit SRCSLA for Booth multiplier. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).
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Fig. (14). Architecture of the 11-bit SRCSLA for Booth multiplier. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

Table 1. Performance parameters comparison of the filter architecture with conventional filters.

Architecture Type N Power (mW) Area
(µm2)

Delay
(ns)

ADP
(µm2. µs)

PDP
(mW. ns)

Conventional
FIR Filter Architecture 32 1.5584 38357.21 1.8597 71.332 2.898

Normal FIR Filter architecture with Retiming 32 0.9839 33968.62 1.5402 52.318 1.515
Proposed FIR Filter Architecture 32 0.5112 22236.41 0.9868 21.942 0.504

show each unit's internal structures for Booth multiplier de-
sign optimization. The Booth multiplier requires 9-bit, 10-
bit, and 11-bit SRCSLA adders, as shown in Figs. (12-14)

4. RESULTS AND DISCUSSION
The proposed retiming-based higher order FIR filter ar-

chitecture using optimized booth multipliers and high-speed
SRCSLA  adders  are  coded  using  structural  Verilog  HDL
and synthesized by Cadence-Genus Synthesis tool in 45 nm
CMOS technology  library.  The  reports  related  to  the  pro-
posed VLSI architecture are generated and tabulated for the
proposed DF-FIR filter for N = 32. The conventional FIR fil-
ter architecture without any retiming registers with normal
multipliers and RCA adders was also implemented for com-
parison purposes. Subsequently, a different FIR filter struc-
ture  is  constructed  using  standard  adders  and  multipliers,
and it is synchronized with the proposed FIR filter design by
proper  retiming.  Table  1  presents  a  comparison  of  these
three types of filters based on their area, timing delay, pow-
er, ADP, and PDP.

The retiming-based filter architecture and upgraded mul-
tipliers  and  adders  generated  efficient  area,  delay,  power,
ADP, and PDP values compared to conventional FIR filter
construction  and  regular  filter  architecture  with  retiming.
Fig. (15) shows the ADP and PDP values of the suggested
filter  implementation  with  retiming  and  optimized  adders
and multipliers compared to a conventional and standard fil-
ter with retiming. The suggested filter architecture reduces
PDP  by  82.6%  and  66.73%  and  ADP  by  69.23%  and

58.06% compared to conventional and retiming-based nor-
mal filters. The ADP and PDP values are reduced due to the
innovative  modifications  in  the  RBM  using  new  encoder
and selector blocks along with optimized SRCSLAs.

The performance characteristics of the proposed retim-
ing-based power and delay-efficient FIR filter realization us-
ing high-speed adders & multipliers are compared to exist-
ing filter architectures with N = 32 in Table 2.

The  suggested  FIR  filter  architecture  reduces  ADP  by
85% to 25% compared to Chulet et al. [13] and Patali et al.
[23] filter-2. The suggested filter architecture reduces PDP
by 92% compared to Chulet et al. [13] and 31% compared
to Patali et al’s [23]. filter-2. These metrics are improved by
the innovative designs used for the implementation of arith-
metic blocks of the filter and retiming in the filter architec-
ture.

Advantages:  The  proposed  filter  architecture  delay  is
very less comparatively other filter architectures due to the
retiming of the FFs. The critical path delay is reduced in the
multiplier also using high speed adders. The architecture of
the filter is compatible with any application for filter process-
ing. The redundant blocks are reduced in the multipliers and
adders designed to reduce the area and power of the architec-
ture.  These  design  styles  are  computable  for  higher  filter
lengths  also.  When  compared  to  the  learning  network-
s-based FIR filter architectures, the proposed filter architec-
ture power consumption, area, and delay are much less. In
the learning networks, more layers consist of more adders,
and hence, the area and power parameters are high.
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Fig. (15). The ADP and PDP of the suggested and conventional filter architectures comparison. (A higher resolution / colour version of this
figure is available in the electronic copy of the article).

Table 2. Compares the proposed filter architecture to N = 32 current filter architectures.

Filter Architectures (N) Power
(mW)

Area
(µm2)

Delay
(ns)

ADP
(µm2 .µs)

PDP
(mW. ns)

Meher [11] filter-1 32 0.658 29207 4.53 132.307 2.980
Meher [11] filter-2 32 0.714 28379 2.48 70.379 1.770
Chulet et al. [13] 32 1.385 30786 4.87 149.927 6.744

Rai et al. [15] 32 1.144 35953 1.97 70.827 2.253
Meher and Park [17] 32 0.562 23665 1.22 28.871 0.685

Pramod et al. [20] 32 0.514 24661 1.47 36.251 0.755
Patali et al. [23] filter-1 32 0.622 26181 1.28 33.511 0.796
Patali et al. [23] filter-2 32 0.662 26626 1.11 29.554 0.734
Sridevi & Sathiya [50] 248.93 - 27.95 - 6957.5

Ye et al [2] 64 63.45 979,802 0.00483 4732.4 0.306
Proposed FIR Filter Architecture 32 0.5112 22236 0.9868 21.942 0.504

CONCLUSION
The power-delay-efficient higher-order FIR filter archi-

tecture  is  presented  using  modified  R4BMs and improved
SRCSLA, along with the retiming concept for the denoising
applications.  The  CPD of  the  FIR filter  architecture  is  re-
duced  by  the  retiming  at  the  different  stages  of  the  filter
structure. The traditional adders are substituted with the pro-
posed high-speed SRCSLA adders. The BM delay and PC
are decreased by the different sizes of the proposed SRCS-
LA adders and modified logic modules. The DF-FIR filter ar-
chitecture is implemented with a length of 32 and input and
coefficient  sizes  are  considered  as  the  8-bits.  The  8×8
Radix-4 Booth Multiplier structures and 9, 10, 11, and 16-
bit SRCSLA adders are designed for the addition of the sum
of the PPs of the multiplier and to produce the final filter out-
put, respectively. The designed FIR filter architecture is sim-
ulated and synthesized using Cadence 45nm CMOS technol-
ogy-based ASIC tools.  The area, delay, and power reports
are analyzed and ADP and PDP metrics are evaluated and

compared with the existing and conventional filter architec-
tures. The ADP of our filter architecture values are pruned
by  85%  (max)  and  25%  (min),  and  PDP  values  are  de-
creased by 92% (max) and 31% (min) when compared to the
existing works of the same filter  length N = 32. This pro-
posed filter architecture is well-suitable for ECG signal-de-
noising applications.
STUDY LIMITATIONS

•The integration of SRCSLA increases design complexi-
ty and control logic overhead.

•Retiming adds extra design effort and may complicate
timing closure for very high-order filters.

•The  architecture  may  not  scale  efficiently  for  filters
with orders significantly higher than N = 32.

•Power  savings  might  diminish  under  low  activity  or
sparse coefficient conditions.
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•Area  benefits  may  reduce  when  targeting  larger  bit-
widths or multi-channel processing scenarios.
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