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The residue number system (RNS), by eliminating carry propagation among moduli, enables fast
and parallel computation. However, inter-modular operations such as reverse conversion, sign
detection, number comparison, and scaling can become major bottlenecks in RNS-based
architectures. In this study, a novel multifunctional unit is designed and evaluated for a Class-F
five-moduli set with the aim of reducing hardware redundancy and improving the efficiency of
inter-modular computations. The employed moduli set is
{2n. 2" —1. 2"+ 1. 2™1—1. 2»1 -1}, and the proposed architecture supports modular
arithmetic operations, including addition, subtraction, and multiplication, together with reverse
conversion, sign detection, signed-number comparison, and scaling within an integrated
structure. In the proposed approach, the reverse-conversion core is designed using a staged
architecture and the computation of intermediate information, while part of the same hardware
resources is reused for sign detection and other inter-modular operations. Furthermore, hardware
resource sharing, critical-path reduction, and optimization of the computational structure are
employed to control circuit redundancy. The architecture was implemented at the register-
transfer level (RTL) and, following functional validation, synthesized using 65-nm CMOS
technology and evaluated in terms of area, critical-path delay, and area-delay product (ADP).
The results for (n=8), (12), and (26), corresponding to dynamic ranges of approximately 40, 60,
and 130 bits, respectively, show that the proposed unit achieves areas of 5,592.9, 9,594.3, and
19,836.9 pm2 and critical-path delays of 0.397, 0.439, and 0.526 ns, respectively. The
corresponding ADP values are 2,220.3813, 4,211.8977, and 10,434.2094 pm?-ns. The results
demonstrate the favorable efficiency of the proposed architecture and the effectiveness of
hardware resource sharing in the design of a multifunctional unit for a Class-F five-moduli
residue number system.

Keywords: residue number system; Class-F moduli set; multifunctional unit; hardware resource
sharing; reverse conversion; sign detection.
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Extended Abstract
Introduction

The residue number system (RNS) is a non-weighted numerical representation in which an integer
is represented by its residues with respect to a set of pairwise coprime moduli. Because arithmetic
operations are performed independently within each residue channel, RNS architectures eliminate carry
propagation between channels and therefore provide an effective basis for parallel and high-speed
computation. This property has made RNS particularly attractive for digital signal processing,
cryptographic computation, modular arithmetic, and other high-performance hardware applications in
which arithmetic throughput and critical-path reduction are important design objectives (Ahsan et al.,
2022; Ming et al., 2011; Omondi & Premkumar, 2007). The theoretical foundations of residue arithmetic
and its computational advantages have been established in classical works on computer arithmetic and
RNS-based processing (Garner, 1959; Parhami, 2000; Szabo & Tanaka, 1967).

Despite the intrinsic parallelism of RNS, practical implementation is not limited to independent
modular addition, subtraction, and multiplication. Many processing tasks require inter-modular
operations, including reverse conversion from residue representation to conventional binary form, sign
detection, signed-number comparison, scaling, and base-related transformations. These operations depend
on information distributed across several residue channels and may therefore introduce substantial
hardware complexity, logic depth, and latency. Consequently, the overall efficiency of an RNS processor
is determined not only by the speed of its modular arithmetic units but also by the cost of these inter-
modular operations. Reverse conversion is particularly important because it reconstructs the weighted
representation required for output interpretation and for interaction with conventional digital systems.
Several reverse-conversion methods have been developed using the Chinese remainder theorem, mixed-
radix conversion, and specialized moduli-set relationships (Akkal, 2007; Cao et al., 2007; Kuchukov,
2022).

The selection of the moduli set has a direct effect on dynamic range, arithmetic regularity,
converter complexity, and hardware implementation cost. Five-moduli systems are especially attractive
because they can provide relatively large dynamic ranges while preserving structures that can be mapped
efficiently onto modular adders, end-around-carry units, shifts, rotations, and constant-coefficient
operations. Patronik and Piestrak (2017) examined a flexible five-moduli family and demonstrated that its
algebraic structure can be exploited in the design of reverse converters. Kumar and Chang (2017)
subsequently investigated signed integer comparison for a related balanced five-moduli RNS and showed
that scaling operations can be integrated into the comparison process. These studies highlight the potential
of structured five-moduli systems for inter-modular processing, but they also indicate that many functions
have traditionally been developed as separate hardware blocks.

A major architectural issue therefore concerns hardware duplication. If reverse conversion, sign
detection, comparison, and scaling are implemented independently, similar arithmetic elements may be
instantiated repeatedly, even though some operations depend on common intermediate quantities.
Previous work has shown that multifunctional RNS architectures can reduce such redundancy by
organizing several complex operations around shared datapaths and reusable arithmetic resources.
Molahosseini et al. (2017), for example, proposed a multifunctional unit for efficient RNS-based datapaths
and demonstrated that common hardware resources can support multiple operations. Related research has
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also explored integrated reverse conversion and sign detection, further indicating that intermediate
conversion information can be reused instead of being recomputed by independent units (Mojahed et al.,
2021).

Against this background, the present study develops and evaluates a new multifunctional
architecture for the Class-F five-moduli set {2™. 2™ — 1. 2™ + 1. 2"*1 — 1, 2"~1 — 1}. The principal
objective is not to claim the first introduction of this five-moduli family, but rather to formulate it as a
Class-F architecture and exploit its structural properties for hardware resource sharing. The proposed unit
integrates modular addition, subtraction, and multiplication with reverse conversion, sign detection,
signed-number comparison, and scaling. The central design hypothesis is that systematic reuse of
intermediate information and computational resources can reduce hardware redundancy while maintaining
favorable area, critical-path delay, and area-delay product (ADP). The source manuscript defines this
research problem, architectural rationale, and evaluation framework in detail. 1_30517371061

Materials and Methods

The study adopted a hardware-design and performance-evaluation approach. The proposed
architecture was constructed around the Class-F five-moduli set \{2"{n}, 2"{n}-1, 2"{n}+1, 2"{n+1}-1,
2"{n-1}-1\}, with the parameter n restricted to valid even values. The five residue channels were designed
according to the arithmetic characteristics of their respective moduli. Operations associated with powers
of two were implemented using direct binary structures, whereas channels based on moduli close to
powers of two were mapped to end-around-carry addition, shifts, rotations, sign inversion, modular
reduction, and constant-coefficient computation.

A multifunctional datapath was then designed to support modular addition, subtraction, and
multiplication as well as reverse conversion, sign detection, signed comparison, and scaling. Instead of
allocating a fully independent hardware path to each inter-modular function, the architecture used a
common reverse-conversion core and shared intermediate data. Reverse conversion was divided into
successive computational stages, and intermediate components produced during these stages were stored
and reused. In particular, the more significant intermediate component generated by the reverse-
conversion path was also used by the sign-detection logic, thereby avoiding the need for a completely
separate conversion structure for sign determination.

Signed comparison was implemented by combining sign information with magnitude comparison.
Two comparator configurations were considered: a parallel configuration using two reverse-conversion
paths and a sequential configuration in which one reverse-conversion core was reused between operands
by means of intermediate registers. The scaling unit was designed separately for the arithmetic
characteristics of each residue channel while remaining integrated into the common datapath. A central
control unit activated the appropriate resources according to the selected operation and routed outputs
through a shared selection structure.

The complete architecture was described at the register-transfer level using Verilog HDL.
Functional simulation was performed using ModelSim SE, while Vivado was employed for preliminary
RTL inspection and hardware feasibility assessment. After functional verification, ASIC synthesis and
timing analysis were conducted using Synopsys tools and a 65-nm CMOS standard-cell technology
library. Validation was performed both at the subunit level and at the integrated multifunctional-unit level.
Test vectors covered normal operating conditions, boundary values, signed and unsigned cases, scaling



conditions, and end-to-end multifunctional execution. Hardware performance was evaluated using circuit
area, critical-path delay, and ADP. Three design scales were examined, with n=8, n=12, and n=26,
producing dynamic ranges of approximately 40, 60, and 130 bits, respectively. The proposed Class-F unit
was also compared with previously reported Class-A and Class-C multifunctional architectures.

Findings

Functional validation confirmed the correct operation of all major subunits, including the direct
converter, reverse converter, sign detector, comparator, scaling unit, and complete multifunctional unit.
The integrated design correctly routed shared intermediate information among reverse conversion, sign
detection, comparison, and scaling. This result demonstrated that resource sharing did not alter the
functional behavior expected from the individual operations.

The synthesis results showed a systematic increase in area and delay as the dynamic range
increased. For n=8, corresponding to an actual dynamic range of approximately 39.99 bits, the proposed
architecture occupied 5,592.9 um? and exhibited a critical-path delay of 0.397 ns. Its ADP was 2,220.3813
pum2-ns. For n=12, with an actual dynamic range of approximately 60 bits, the synthesized area increased
to 9,594.3 um?, the delay to 0.439 ns, and the ADP to 4,211.8977 um2:ns. At the largest evaluated
configuration, n=26, corresponding to an actual dynamic range of approximately 130 bits, the architecture
required 19,836.9 umz?, achieved a critical delay of 0.526 ns, and produced an ADP of 10,434.2094 umz2-ns.
These synthesis results are reported in the manuscript’s hardware evaluation section. 1 30517371061

Comparison with the reference multifunctional architectures showed that the proposed Class-F
design remained competitive at all three operating scales. At the smallest comparison point, the proposed
unit reduced area by approximately 16.46% relative to the Class-C architecture and by 0.14% relative to
Class-A. Critical-path delay was reduced by approximately 28.98% relative to Class-C and 1.00% relative
to Class-A, whereas ADP decreased by approximately 40.67% and 1.13%, respectively.

At the approximately 60-bit operating point, where the dynamic ranges were almost directly
comparable, the proposed Class-F design occupied 9,594.3 um?2 compared with 11,141.6 um? for Class-C
and 9,668.9 um? for Class-A. These values correspond to area reductions of approximately 13.89% and
0.77%, respectively. The critical-path delay of 0.439 ns was approximately 31.73% lower than that of
Class-C and 3.94% lower than that of Class-A. The ADP improvement was more pronounced, reaching
approximately 41.21% relative to Class-C and 4.68% relative to Class-A.

At the largest scale, the proposed architecture showed further gains. Its area was approximately
24.89% lower than that of the Class-C reference and 5.12% lower than that of Class-A. Its delay was
approximately 28.92% lower than Class-C and 8.20% lower than Class-A. The corresponding ADP
reductions were approximately 46.61% and 12.90%. Therefore, the relative advantage of the proposed
Class-F architecture became more apparent as the dynamic range increased, particularly for the combined
area-delay metric.

Discussion and Conclusion

The results demonstrate that the main contribution of the proposed architecture lies in the
organization of multiple RNS functions around shared computational and intermediate-data resources.
Instead of treating reverse conversion, sign detection, comparison, and scaling as isolated subsystems, the
architecture uses the reverse-conversion process as a shared computational backbone. This organization
reduces duplication of arithmetic logic, intermediate registers, constant-coefficient operations, and parts
of the comparison and scaling circuitry.
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The synthesis results also indicate that resource sharing does not merely reduce circuit area; it
contributes to a favorable timing structure. The consistently lower critical-path delays suggest that the
staged organization of the reverse converter, together with appropriate reuse of intermediate quantities,
prevented the multifunctional architecture from developing excessively deep logic paths. This effect is
especially important because multifunctionality can otherwise increase routing complexity and control
overhead.

The ADP results provide the clearest overall evidence of architectural efficiency. Across all
evaluated scales, the proposed Class-F unit achieved a lower ADP than both reference classes, with the
advantage increasing at the largest dynamic range. This finding indicates that the proposed architecture
achieves an effective trade-off between silicon cost and execution speed rather than optimizing one
measure at the expense of the other.

Another important outcome is scalability. Although area and delay naturally increased with
dynamic range, the architecture retained competitive behavior from approximately 40 to 130 bits. The
increasing relative improvement at the largest configuration suggests that hardware reuse becomes
progressively more beneficial as operand width and inter-modular computational complexity grow. The
design is therefore particularly relevant to implementations in which large dynamic range and multiple
RNS operations must coexist within constrained hardware resources.

In conclusion, the study confirms that a general-purpose multifunctional unit can be developed for
the Class-F five-moduli RNS by combining specialized modular channels, staged reverse conversion,
intermediate-data reuse, and hardware resource sharing. The proposed unit successfully integrates
modular arithmetic, reverse conversion, sign detection, signed comparison, and scaling within a unified
and configurable RTL architecture. Functional verification confirmed the correctness of the integrated
design, while 65-nm CMOS synthesis demonstrated favorable area, delay, and ADP characteristics. The
results support the central premise that systematic reuse of hardware and intermediate information can
reduce redundancy without sacrificing the principal computational advantages of RNS. Consequently, the
proposed Class-F architecture provides a practical foundation for efficient, scalable, and multifunctional
RNS-based datapaths.
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