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Abstract. The System which uses Residue Number System need to deliberately select moduli set, so that it is more useful
in forward conversion and reverse conversion for the better Performance. In this paper, Conjugate moduli set

{2Mm —1,2Mm $1,2"2 —1,2"2 4 1,2" —1,2™ 4+ 1,..........2". — 1,2™ + 1} proposed to use in
forward conversion and reverse conversion methods to obtain optimized area and delay values. For verifying the results,
the software tool used is Xilinx 14.7 ISE with Virtex-7 FPGA kit and the targeted device xc7vx330t-3ffg1157. The
proposed Conjugate moduli set based Forward Conversion and Reverse Conversion compared with the different moduli
sets available in the literature and corresponding codes written in Verilog HDL code, compiled, simulated with the help of
ISIM Simulator. After this, it is Synthesized for utilization summary. From the performance comparison, Proposed
moduli set in forward conversion contributed area 26.32% increased and delay 19.19% decreased and on the other side
i.e. in reverse conversion methods, CRT had the improvement in area 62.03% and in delay 30.73%, MRC had the
improvement in area 13.41% and in delay worse performance by -24.02%, New CRT-I had the improvement in area
23.52% and in delay 22.73%, New CRT-II had the improvement in area 18.71% and in delay 27.23%. These obtained
results can be useful in applications like DSP Signal processing applications, Radar Signal processing applications.

Keywords: Residue Number System (RNS), Forward Conversion, Reverse Conversion, Conjugate moduli set.

I. INTRODUCTION

The efficiency, power consumption, area, and latency of electronic systems are critical factors for both
current and future platforms, particularly for portable devices [1], [2]. In order to satisfy these demands, parallelism
can be used at multiple levels of electronic system design, including a variety of architectures and algorithms that
allow arithmetic calculations to be performed concurrently on smaller components. This strategy supports lower
power consumption and enhanced computational performance [3]. However, conventional weighted binary number
systems remain limited by extended carry-propagation paths, which lead to higher latency and inefficient power
utilization. These challenges have accelerated research into alternative number representations, particularly the
Residue Number System (RNS) [4,5].Unlike traditional weighted systems, RNS enables arithmetic operations i.e.
except division [22]where each digit is processed independently, eliminating carry propagation. This characteristic
substantially improves throughput and energy efficiency, making RNS especially attractive for digital signal
processing (DSP) applications. Additionally, the independence of modulo channels in RNS contributes to improved
fault tolerance. Consequently, RNS has been adopted in cryptographic systems including RSA [6,7], fault-tolerant
architectures, FLP-based communication receivers [8], DSP [9,24], digital image processing (DIP) [10], RADAR
signal processing [11,23], and other high-performance computing applications [12,13].

1.1 Residue Number System

The Residue Number System (RNS) has emerged as an important resource as in [14], in the field of digital
arithmetic, providing benefits in terms of computational efficiency and parallelism. It's effective RNS design
requires diligent consideration of essential factors such as moduli set choice, forward and reverse conversion, and
residue arithmetic unit design in [12]. Each of these components influences the performance and effectiveness of
RNS-based computations.

e Moduli set selection is a critical aspect of RNS design, as it determines the system’s dynamic range and
computational efficiency. Selecting an appropriate set of pairwise coprime moduli is essential to support wide
numerical ranges in practical applications [12], [15].
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e Forward conversion transforms a weighted binary number into its residue representation by computing
remainders with respect to each modulus [15], [16]. Efficient conversion techniques improve accuracy and
arithmetic performance within RNS architectures [17], [19].

e Residue arithmetic units, consisting of modular adders, subtractors, and multipliers, operate independently
across modulo channels, reducing complexity and enabling high-performance computation [15].

e Reverse conversion reconstructs the weighted binary number from residues using methods such as the Chinese
Remainder Theorem (CRT), Mixed Radix Conversion (MRC), and New CRT-I/II, ensuring compatibility with
conventional systems [15], [16], [18], [20]. Addressing these core design aspects enables efficient and practical
RNS-based computational systems [19].

RNS representation: An RNS is determined by the moduli, a collection of comparatively prime integers. The
moduli-set is abbreviated as {m,, M5, M3, My, Mg, ..... M, fwith "M;" denoting the i modulus. Each integer
can be thought of as a collection of smaller integers, referred to as residues. The label for the residue set reads
{r, 19,73, 71, 5, - .. T, J,where "13" stands for the i modulus. The residue r; is known as the smallest positive

residue when divided by the modulus m;. When divided by the modulus mi, the residue r; is defined as the least
positive remainder as in [21]. On the basis of congruence, this relationship can be written in the following manner:

X mod my=r; Q)
In an alternate notation, the same coherence can be written as:

Both integers X which residue in its dynamic spectrum can be uniquely constituted by the RNS. The product of
moduli-set {’ml , My, M3, My, Ms, ..... 'mn} defines the dynamic range and denotes it as M,

n
M= 1_[ m; 3)
i=1
The RNS provides specific representations for all numbers in the range 0 to M-1. If the integer X is bigger than M-1,
same representation will repeat.

In RNS, residue representations repeat, causing multiple integers to share identical residue sets; therefore,
the moduli must be pairwise coprime to fully utilize the maximum dynamic range M. The weighted binary input is
converted into residues using a forward converter, after which arithmetic operations such as addition, subtraction,
and multiplication are performed in parallel without carry propagation, enabling high-speed computation [19]. Each
modulus is associated with an independent arithmetic unit comprising modular adders, subtractors, and multipliers.
The computed residues are then transformed back into weighted binary form using a reverse converter. A typical
RNS architecture, illustrated in Fig. 1, consists of three main blocks: forward conversion, residue arithmetic unit,
and reverse conversion.

Fig. 1. Typical RNS System block diagram
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Year Moduli Sets glepclilrtnal Re:)itllltl;uiets
[28] (2r—1,27 2"+ 1,22 + 1) (3,4,5,17) 718 (1234}
[29] {2n —1,2m, 2"+ 1,271 — 1} {3,4,5,7} 298 {1,2,3,4}
[29] (2" 12727+ 1,21 ¢ 1 (7,8,9,17} 2010 (1,2,3.4}
[30] {2 —3,2" + 1,2" — 1,2" + 3} {5,9,7,11} 1676 {1,2,3,4}
[31] {2 —1,2" + 1,2* — 2,221 3} {3,5,14,29} 787 {1,2,3,4}
[32] {2r—1,2m 2"+ 1,22 -1} {3,4,5,31} 1678 {1,2,3,4}
[32] (2" —1,2" + 1,27 2" + 1} (3,5,16,17} 2707 (1,2,3,4}
[33] {2r+1,2" —-1,2" 2" + 1} {9,7,8,17} 667 {1,2,3,4}
[34] {2n 2"t —-1,2" —-1,2"*' -1} {16,31,15,7} 7473 {1,2,3,4}
[35] (2™ —2,2™ +2,2™ — 2,2™ + 2} (6,10,14,18} 1890 (12,34}
[36] {2n, 2"t —1,2" — 1,2" — 1} {16,7,15,31} 5553 (12,341
[37] (2" 12" —1,2" + 1,221 — 1) 2,3,531} 593 (1,2,3,4}
[38] -2tz -1} {8,15,7,31} 5057 {1,2,3,4}
[39] {2 22"+ 1,2" +1,2" - 1} {256,17,5,3} 56833 {1,2,3,4}
[40] {an=12n —1,2m"1 — 1 2nt 1} {15,17,31,33} 5087 {1,2,3,4}
Proposed | {2™ —1,2™ +1,2" —1,2" 41} {7,3,31,11} 4250 {1,2,3,4}

Table 1. Moduli sets, Decimal inputs and Residue sets

The forward conversion maps the input data into an RNS representation, while the reverse conversion restores the
RNS output to a conventional form. These stages significantly influence the overall efficiency of an RNS system, as
the complexity and delay of the conversion circuitry can offset the speed benefits of RNS processing. Interfacing
with the analog domain typically involves an intermediate binary conversion stage, which increases the latency and
the complexity. To enable an RNS processor to compete with a binary-based DSP system [27], efficient conversion
techniques are required. The reverse conversion commonly employs the Chinese Remainder Theorem (CRT) and the
Mixed-Radix Conversion (MRC) methods, while ongoing research on direct analog-to-residue (A/R) and residue-to-
analog (R/A) converters aims to eliminate the intermediate stage and improve the overall performance.

II. LITERATURE REVIEW

The efficient implementation of Residue Number System (RNS) design is dependent on numerous essential
elements, including moduli set selection, forward conversion, residue arithmetic units, and reverse conversion. The
choice of moduli has a considerable impact on the system's dynamic range, speed, and hardware complexity. RNS
provides a wide range of moduli sets essential for system optimization. The forward converter efficiently converts
weighted binary numbers to their RNS form utilizing independent converters for each modulus and multi-operand
modular adders. The reverse converter, on the other hand, aims to decrease conversion time while increasing area
efficiency, making it essential for advanced RNS activities such as division and magnitude comparison.

Cao et al. [28] proposed an efficient reverse converter for the 4-moduli set
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{2 —1,2™,2™ + 1, 2?™ + 1}using the new Chinese Remainder Theorem (CRT). This novel solution takes
advantage of the moduli set's unique qualities to execute modulo repairs without using expensive and time-
consuming modulo operations. The architecture is simplified to include simply bit reorientation and a multioperand
modular adder, which increases both area and time complexity. The proposed converter showed higher efficiency,
with an area complexity equivalent to 4n full adders (FAs) and a delay of approximately 2n FAs for the high-speed
(HS) version, and an area complexity of 3n FAs and a delay of about 2.5n FAs for the cost-effective (CE) version.
These results show significant gains over other 4-moduli sets, indicating that the suggested design is more efficient
in terms of hardware space and computing delay.

Mohan et al. [29] provided efficient designs for Residue Number System (RNS) to binary converters
utilizing two novel four-module sets:
2" — 1,2, 2" + 1,21 — 1}and {27 — 1,2™, 2™ + 1, 2™ + 1}.These designs use the Mixed-Radix
Conversion (MRC) method in a multi-level architecture to increase speed while decreasing hardware complexity.
Mohammad Obeidi Daghlavi et al. [30] proposed efficient two-level reverse converters to handle the four-moduli
set, using New Chinese Remainder Theorem I (New CRT-I) and Mixed Radix Conversion, that include ROM-free
and adder-based structures for VLSI circuits, accomplishing significant performance improvements in Area-Time
(AT) metrics, about FPGA implementations exhibiting a 12%-10% enhancement over current designs, thereby
rendering them highly efficient for high-speed arithmetic applications. which increases both area and time
complexity. The proposed converter showed higher efficiency, with an area complexity equivalent to 4n full
adders (FAs) and a delay of approximately 2n FAs for the high-speed (HS) version, and an area complexity of 3n
FAs and a delay of about 2.5n FAs for the cost-effective (CE) version. These results show significant gains over
other 4-moduli sets. This research collectively helps to improve the efficiency and effectiveness of RNS and
forward & reverse converter designs. However, more research is required to address implementation issues,
maximize performance across multiple moduli sets, and investigate power consumption and scalability. Choosing
feasible moduli sets is critical for improving performance and efficiency in RNS systems. From the literature
survey conducted in previous and from the above research papers, the following moduli sets taken for discussion
in this research paper and same taken for performance comparison. These complete moduli set information for
discussion shown in Table 1., it consists of reference year, moduli set used or proposed in that paper, for different
values of ‘n’, decimal input, based on moduli set considered and decimal input the resultant residue set. In
addition to these moduli sets, at last proposed conjugate moduli set also shown for reference.

The purpose of this research is to improve the efficiency and efficacy of RNS designs. Despite previous
advances, more study is required to address implementation difficulties, maximize performance across different
moduli sets, and investigate power consumption and scalability. The proper selection of moduli sets is critical to
increasing RNS system performance and efficiency. Using our literature survey, we found and compared distinct
moduli sets. The residue arithmetic unit operates on these sets. These findings have significant effects for
applications like as signal processing, RADAR signal processing, and cryptography.

1. METHODOLOGY

The performance of a Residue Number System (RNS) design is significantly affected by the moduli set used.
The RNS system's efficiency and effectiveness are significantly affected by the moduli set used. According to
literature, careful evaluation of moduli is critical for improving system performance, making it an important aspect
in RNS-based solutions. Conjugate moduli, in particular, have a significant impact on RNS design performance.
Adding conjugate moduli pairs to a two-level RNS can dramatically increase the system's efficiency and
functionality. This approach improves accuracy while lowering computing costs, making it a key element in RNS
design.

The proposed approach provides an effective method for optimizing area and delay requirements. By
employing a two-stage architecture that integrates forward and reverse conversion with advanced techniques such as
a conjugate moduli set and New Chinese Remainder Theorems (CRTs), the system achieves higher computational
efficiency, reduced complexity, and faster processing speed. Prior work by Skavantzos and Abdallah demonstrates
that this approach not only optimizes RNS designs but also enables compact hardware implementations,
significantly reducing area and system delay.The proposed forward conversion scheme using conjugate moduli
combines theoretical insights with hardware-efficient design to improve speed and efficiency. It merges a Mod

2™ — land a Mod 2™ + 1stage into a single Mod 22™ — Tunit, and similarly combines Mod 22 — land

Volume 29 Issue 1 February 2026 26 ISSN: 2319-6319



International Journal of New Innovations in Engineering and Technology

Mod 2" + linto a Mod 22"z — lunit. This integration enhances performance while reducing hardware
overhead. The resulting architecture offers an efficient and scalable solution for RNS forward conversion, with
applications in digital signal processing and cryptography. Fig. 2 illustrates the proposed forward conversion block
diagram.

/‘"«.__
Y
/:_\ Ny
-
/‘1?-
e m .\_/'r h,
'ﬁ > r.
By E = . - s - b
—_— bl 7210 sl i——.—-— —— LT e B - E ot T 2wty |
o | | .
By ) = : Fa
—3+—f— Aol 3% 4§ middder - Nhnd TS ] el ECEEEE—
B: | 3 : : - e
—r a3 - adilen o = Slad X% ] adiden = - Mo T il
| B : —_— X
| S I
| i ] .
By Y : ]
—j Ao 2 mibide - Al T N il 1 Nk TR B ikl ————
o) — S
= %.ﬁ —
-u,\_

Fig. 2. Proposed block diagram for Forward converter

The proposed approach improves reverse conversion using New CRT-I and New CRT-II with conjugate
moduli, based on the works of Skavantzos and Abdallah and Wang. A Mod 2™t — land a Mod 2™t + ladder are
merged into a single Mod 22™1 — 1stage, and similarly a Mod 2™ — land a Mod 2™2 + ladder into a Mod
2%m2 — 1stage, enhancing area and delay performance. Figures 3(a) and 3(b) present the proposed New CRT-I and

New CRT-II architectures. Unlike MRC, which is sequential, CRT, New CRT-1, and New CRT-II operate in parallel,
making the proposed methods suitable for high-speed reverse conversion.
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Fig. 3. Proposed block diagram for Reverse converter

(a) With New CRT-I (b) With New CRT-II
In the final stage, the proposed approach presents a detailed block diagram of the Residue Number System
(RNS), offering a comprehensive view of the system architecture. Beyond illustrating efficient forward and reverse
conversion, the design integrates these stages to form a balanced and adaptive RNS framework that enhances overall
performance across diverse applications.

OUTPLUT DSTA

BIMARY DWATA,

Fig. 4. Proposed block diagram for RNS System

The block diagram comprises forward conversion using conjugate moduli, an RNS processor, and advanced
reverse conversion based on New CRTs with conjugate moduli. In this work, only the forward and reverse
conversion stages are implemented. The integrated architecture highlights the versatility of the proposed RNS
framework for digital signal processing and cryptographic applications, as shown in Fig. 4.

IV. RESULTS & DISCUSSION

The results were verified using Xilinx ISE 14.7 with a Virtex-7 FPGA (xc7vx330t-3ffgl1157). Forward and
reverse conversion techniques for the Residue Number Systemincluding CRT, MRC, New CRT-1, New CRT-II, and
the proposed conjugate moduli setwere implemented in Verilog HDL, compiled, and simulated using the ISIM
simulator. The designs were then synthesized to obtain design summaries, including area (slices) and delay (ns) for
comparison. Technical schematics illustrating the required blocks and internal connections were also generated for
each conversion technique. Using the targeted device, the following results were obtained.

Volume 29 Issue 1 February 2026 28 ISSN: 2319-6319



International Journal of New Innovations in Engineering and Technology

1.2 Forward Conversion

The analog/digital input converted into residue number by using the technic called Forward Conversion and
its logic written in Verilog HDL code. It is compiled, simulated and synthesized. For each moduli set mentioned in
the Table.1, Verilog HDL code written, simulated and synthesized successfully. For verifying simulation results, the

given moduli set is {my, my, mg, my}
={2" — 1,2, 2" + 1,22 + 1}={2% — 1,2%,2% + 1,2%? + 1} = {3,4,5,17} for n=2 and the given
decimal input is X =718 after executing it, obtained result i.e. resultant residue set

X = {x1,%9,%3,%4) = {1,2,3,4} corresponding simulation results verified. After simulation, it was synthesized
and technical schematic also obtained.

(a) Simulation results (b) Technical schematic

Fig. 5. Proposed forward converter with Conjugate moduli set(FCC)

For verifying simulation results, the proposed conjugate moduli set and scaled down moduli set, given is
{my, my, Mg, my}

Iy 1 2Ny | 1 PN 1 2N ) 10—
L& 1,4 1= L A i

1, + 1k
{22 -1,22+1,2"-1,27 +1} = {7,9,31,33} = {7,3,31,11} for n; = 3 &N, — 7 and the given
decimal  input s X = 4250  after this obtained result ie. resultant residue  set
X = {xq,x9,x3,x4} = {1,2,3,4} corresponding simulation result shown in Fig.5.(a). After simulation, it was
synthesized and technical schematic also obtained and it is shown in Fig.5. (b).

4.2 Reverse conversion

The residue number converted back to analog/digital output by using the technic called Reverse Conversion by
using the methods called CRT, MRC, New CRT-I and New CRT-II.

Chinese Remainder Theorem (CRT). The residue number after processing residue arithmetic unit converted back
to analog/digital output by using the technic called Reverse Conversion and its logic written in Verilog HDL code. It
is compiled, simulated and synthesized. For each moduli set mentioned in the Table.1, Verilog HDL code written,
simulated and synthesized successfully. For verifying simulation results, the given moduli set is

{m,, my, ms,my} ={2" — 1,2", 2" + 1,21 —1}={22 1,22,22 | 1,22*1 1} ={3,4,5,7} for
n=2 and the given residue set X = {xl, X9, X 3,9(4} = {1,2,3,4} after executing it, obtained result i.e. resultant

decimal output is X = 298 corresponding simulation results verified. After simulation, it was synthesized and
technical schematic also obtained.For each different moduli sets shown in Table.1.and different residue set inputs are
given, and corresponding decimal output obtained like above CRT results obtained for each different case.
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cric

(a) Simulation results (b) Technical schematic

Fig. 6. Proposed Chinese Remainder Theorem with Conjugate moduli set (CRTC)

These values are shown in performance comparison.For verifying simulation results, the proposed conjugate
moduli set and scaled down moduli set, given is {m,, m,, mg,m,}
={2™ —1,2™ + 1,2 — 1,2™ + 1}=
{22 -1,22+1,2"—-1,2" +1} = {7,9,31,33} = {7,3,31,11} for ny = 3 &Ny = 7 and the given
decimal  input is X = 4250  after this obtained result ie. resultant residue set
X ={x1,%9,%3,%4} = {1,2,3,4} corresponding simulation result shown and After simulation, it was
synthesized by the above mentioned selected targeted device and obtained the Synthesis and technical schematic
also obtained and it is shown in Fig.6.Mixed Radix Conversion (MRC).For verifying simulation results, the

proposed conjugate moduli set and scaled down moduli set, given is {rn.l,:rn.z,7n.3,7n4}
2™ —1,2M +1,2"2 — 1,2" 4+ 1}=

{22 —1,2°+1,27 — 1,27 + 1} = {7,9,31,33} = {7,3,31,11} for n; = 3 &N, = 7 and the given
decimal input is X =4250 after this obtained result i.e. resultant residue set
X ={x1,%9,x3,%4} = {1,2,3,4} corresponding simulation result shown in Fig.7.(a). After simulation, it was
synthesized by the above mentioned selected targeted device and obtained the Synthesis report and technical
schematic also obtained and it is shown in Fig.7. (b).

(a) Simulation results (b) Technical schematic
Fig. 7.Proposed Mixed Radix Conversion with Conjugate moduli set (MRCC)

New Chinese Remainder Theorem-I (New CRT-I).For verifying simulation results, the proposed conjugate

moduli set and scaled down moduli set, given is {7711 , Mo, Mg, 7?14}
—{2M: —1,2M 4 1 2" 1 2" 4 1}

L& 1,4 T 4, 4 i, & T 1
{22 -1,2°+1,2" - 1,27 + 1} = {7,9,31,33} = {7,3,31,11} for n; = 3 &Ny = 7 and the given
decimal  input is X = 4250  after this obtained result ie. resultant residue  set

X = {x1,%9,%3,%4) = 11,2,3,4} corresponding simulation result shown in Fig.8.(a). After simulation, it was
synthesized by the above mentioned selected targeted device and obtained the Synthesis report and technical
schematic also obtained and it is shown in Fig.8. (b).
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(a) Simulation results (b) Technical schematic

Fig. 8. Proposed New CRT-I with Conjugate moduli set (NCIC)

New Chinese Remainder Theorem-II (New CRT-II).down moduli set, given is {my,my,ms,my}
={2™ —1,2™ + 1,2 —1,2" + 1}

{22 —-1,22+1,2"—1,27 + 1} = {7,9,31,33} = {7,3,31,11} for n; = 3 &n, = 7 and the given
decimal  input is X = 4250  after this obtained result ie. resultant residue set
X ={x1,%9,X3,%4) = {1,2,3,4} corresponding simulation result shown in Fig.9.(a). After simulation, it was

synthesized by the above mentioned selected targeted device and obtained the Synthesis and technical schematic
also obtained and it is shown in Fig.9. (b).

(a) Simulation results (b) Technical schematic

Fig. 9. Proposed New CRT-II with Conjugate moduli set (NCIIC)

From the literature survey different moduli sets are considered for discussion, these are also shown in
Table.1, and decimal input given in forward conversion and also the proposed conjugate moduli sets and decimal
input are given obtained the results. On the other hand, reverse conversion methods result such as CRT, CRTC,
MRC, MRCC, NCI, NCIC, NCII and NCIIC also obtained and explained.

V. PERFORMANCE COMPARISON

This section evaluates the performance comparison of the proposed conjugate moduli set in forward
conversion and reverse conversion. Table.2 outlines the hardware complexity and delay of forward conversion and
results depicted shown in Fig.10. Performance improvement can be calculated with the following relationship in
Eq.4.

Valuec‘omperirii:e - ValueProposed

Improvement =

0
Valuep,,posed 4005 4)

Table 2. Comparison of Forward conversion for different Moduli sets
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The Table 2 shows the conversion time and hardware cost of the proposed conjugate moduli set-based

converters in comparison to those found in the literature. In summary, Table 2 shows that the proposed converters
not only improve delay performance but also require less hardware than the converters presented in Table 1. The
results were verified using Xilinx ISE 14.7 on a Virtex-7 FPGA (xc7vx330t-3ffg1157). The forward and reverse
RNS conversion techniques i.e. CRT, MRC, New CRT-I, New CRT-II, and the proposed conjugate moduli setwere
implemented in Verilog HDL and simulated using ISIM. The proposed forward converter achieves approximately
26.32% area savings and 19.19% delay reduction, as shown in Fig. 11, with area measured in slices and delay in
nanoseconds (Table 1). The reverse conversion performance, evaluated in Tables 3—6 and Figs. 11-14, indicates that
the proposed method attains 62.03% area improvement and 30.74% delay reduction for CRT. The overall
comparison shows that CRT provides superior reverse conversion performance compared to MRC, New CRT-I, and

New

Area Delay CRT-1I,
Area Delay
Year Performance Performance
(LUTs) (ns)
Improvement improvement
[28] 3211 50.424 28.337 31.728
[29] 3311 49.933 32.334 30.445
[29] 2405 49.476 -3.877 29.251
[30] 3315 37.218 32.494 -2.772
[31] 4188 53.209 67.386 39.003
[32] 3192 49.791 27.578 30.074
[32] 3211 50.424 28.337 31.728
[33] 3215 32.528 28.497 -15.024
[34] 2126 50.217 -15.028 31.187
[35] 3971 48.882 58.713 27.699
[36] 3028 49.236 21.023 -1.450
[37] 2496 37.368 -0.240 -2.380
[38] 2126 50.044 -15.028 30.735
[39] 3211 37.279 28.337 -2.612
[40] 4402 49.881 75.939 30.09
Proposed 2502 38.279

as illustrated in Fig. 11. The Table 3. Performance Comparison of CRT for different Moduli sets
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Fig. 10. Performance comparison for Forward conversion

The Fig. 11 further confirms that the proposed method improves both area and delay for the CRT-based
reverse conversion. The performance comparison for MRC, summarized in Table 4, evaluates area in terms of look-
up tables (LUTSs) and delay in nanoseconds. Positive values indicate area improvement, while negative values denote
inferior performance compared to existing moduli sets. As shown in Table 4, the proposed method achieves an area
improvement of approximately 13.41% but exhibits a delay degradation of about 24.02% relative to the available
moduli sets. The Table 4 presents the area (LUTs) and delay (ns) results for the MRC technique. As MRC is a
sequential approach, the proposed method shows some improvement in hardware area but exhibits degraded delay
performance, indicated by negative values. This confirms that MRC is unsuitable for high-speed applications due to
its sequential nature. The area and delay results from Table 4 are illustrated in Figs. 12(a) and 12(b), where blue bars
represent reference methods and red bars indicate the proposed approach for comparison.

Table 4 summarizes the area and delay results for the MRC technique. Since MRC is a sequential approach, the
proposed method offers some hardware area improvement but shows degraded delay performance, indicated by
negative values. This confirms that MRC is not suitable for high-speed applications. The area and delay results are
illustrated in Figs. 12, where blue bars represent reference methods and red bars indicate the proposed approach

for comparison.

The performance comparison shown in Fig. 12 indicates that, for the MRC technique, the proposed method
achieves improvement in area but exhibits inferior delay performance when compared to existing moduli sets. The
evaluation of New CRT-I, summarized in Table 5, considers area in terms of LUTs and delay in nanoseconds. The
results demonstrate that the proposed approach provides approximately 23.52% improvement in area and 22.73%
improvement in delay, with the corresponding comparison illustrated in Fig. 18. The findings further indicate that
New CRT-I, as an advanced technique, benefits from the proposed method in both area and delay, as depicted in
Figs. 13(a) and 13(b), where blue bars represent reference methods and red bars denote the proposed approach.
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(c) Table 3. Performance Comparison of CRT for differentModuli sets

Year Area(LUTs) Delay(ns) AreaPerformartlceimprovemen Delay;’;lj:;::f:ceim
[28] 324 28.368 -8.215 10.446
[29] 237 23.847 -32.861 -7.156
[29] 698 39.478 97.734 53.701
[30] 814 47.701 130.595 85.715
[31] 413 24.138 16.997 -6.023
[32] 343 28.239 -2.833 9.944
[32] 263 25.681 -25.496 -0.016
[33] 675 48.612 91.218 89.262
[34] 654 52.625 85.269 104.886
[35] 821 19.021 132.578 -25.945
[36] 742 25.746 110.198 -9.706
[37] 682 44.184 93.201 72.023
[38] 985 46.863 179.037 82.453
[39] 279 28.134 -20.963 9.535
[40] 650 23.62 84.136 -8.04
Proposed 353 25.685
Area Delay
1000 60
n 509 ;.; 40
= ulldtlthly 7 wllllall
o il ] S LT
SIS PSS S S SPS PSS S
Reference Paper Reference Paper
(a) Area (b) Delay

Fig. 11. Performance comparison for CRT

Table 4. Performance Comparison of MRC for differentModuli sets
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Year Area(LUTs) Delay(ns) AreaPerformanceimprovement | DelayPerformanceimprovement
[28] 4714 123.215 38.606 37.652
[29] 3378 121.609 -0.676 35.858
[29] 4771 83.5477 40.282 -6.663
[30] 3305 125.695 -2.823 40.423
[31] 4840 118.736 42.311 32.648
Area Delay
10000 - 300
o = 200
: I l EA TR TR AN
—
N TA T IT B NIRTAN!
m\ NN N N S AN SN &\,\ S
WARVARQIRCSECAR RGN PRI
Reference Paper Reference Paper
(a) Area (b) Delay
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[32] 4754 88.512 39.782 -1.117
[32] 3208 123.215 -5.675 37.652
[33] 4771 123.644 40.282 38.131
[34] 4773 85.496 40.341 -4.487
[35] 4451 118.147 30.873 31.99
[36] 4103 96.418 20.641 8.832
[37] 3802 102.352 11.791 14.344
[38] 3178 127.921 -6.557 42.909
[39] 3926 81.526 15.437 -8.922
[40] 5042 126.894 48.251 41.762
Proposed 3401 89.512

Fig. 12. Performance comparison for MRC

Table 5. Performance Comparison of New CRT-I for differentModuli sets

Area Delay
6000 — 150
£ 4000 2 100
s
SR T T = Halletadittehy
' A N O T S S AN N 5 0
D DD DD S DS T o T T RS
PP ST T T W T
Reference Paper Reference Paper
(a) Area (b) Delay

Fig. 13. Performance comparison for New CRT-1

The comparison in Fig. 13 shows that the proposed method improves area but degrades delay for the
MRC technique. The performance evaluation of New CRT-II in Table 6 indicates an area improvement of
approximately 18.71% and a delay improvement of 27.23%, as illustrated in Fig. 14. The advanced New CRT-II
technique thus achieves better performance with reduced hardware requirements, with area and delay results
depicted in Figs. 14(a) and 14(b).The results in Fig. 14 show that the proposed New CRT-II method achieves
improvements in both area and delay compared to existing moduli sets. The overall analysis indicates that the
proposed conjugate moduli set enhances hardware efficiency and reduces delay in both forward and reverse
conversion, except for the MRC technique.

Table 6. Performance Comparison of New CRT-II for differentModuli sets
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Area Delay
,, 15000 ~ 300
= 10000 = 200
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(a) Area (b) Delay
Fig. 14. Performance comparison for New CRT-11
VI. CONCLUSION & FUTURE SCOPE
In conclusion, the proposed conjugate moduli set

{2™ —1,2™ +1,2" — 1,2"2 4+ 1,2™ — 1,2" + 1, .........2". — 1,2"™ + 1} for forward and
reverse conversion procedures in Residue Number Systems shows significant performance gains. The results
obtained using Xilinx ISE 14.7 on a Virtex-7 FPGA show improved efficiency for CRT, MRC, New CRT-I, and
New CRT-II. The forward conversion achieves a 2.32% area improvement and a 5.36% delay reduction, while the
reverse conversion achieves a 5.23% area improvement and a 5.64% latency reduction. The proposed conjugate
moduli set demonstrates clear benefits for signal and radar signal processing applications.

The future work includes extending the proposed moduli set to cryptography and error correction,
integrating it with advanced FPGA technologies, and validating performance through real-world implementations.
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