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Abstract—This paper proposes a systematic methodology for
designing efficient arithmetic units on FPGAs and ASICs through
Boolean function optimization tailored for LUT architectures.
These units target operations that include multiplication and
division by constant, modular multiplication and reduction by
using decomposition techniques that rely exclusively on combi-
national logic. A comprehensive experimental evaluation across
Xilinx Vivado FPGA and Cadence and Synopsys ASIC toolchains
demonstrates substantial improvements. FPGA results show up
to a 20x reduction in LUT usage for modular reduction and
an 11x reduction for special-form constant multiplication, with
critical path delays reduced by up to 1.8x across operations.
ASIC synthesis using Synopsys achieves up to a 100x reduction
in cell count for multiplication and timing improvements of
up to 30x for modular reduction. Cadence synthesis reveals
platform-dependent trade-offs, yielding timing improvements of
up to 5x for most operations, while area efficiency varies by
operation type: modular reduction benefits from up to a 20x
reduction in cell count, whereas general constant multiplication
may incur up to a 2.7x increase in cell usage. Comparisons with
FloPoCo indicate competitive performance, with the proposed
method consistently outperforming prior work in either resource
utilization or timing, and often in both metrics. These results
demonstrate that the proposed methodology provides a general
and effective approach for optimizing combinational arithmetic
units across both FPGA and ASIC platforms.

Index Terms—FPGA, ASIC, computer arithmetic, Boolean
functions, logic synthesis, modular arithmetic.

I. INTRODUCTION AND STATE OF THE ART

Efficient implementation of arithmetic operations on FPGAs
and ASICs requires a deep understanding of the characteristics
of the target architecture and technology. In FPGAs, Look-
Up Tables (LUTs) serve as the fundamental building blocks
for combinational logic, and effective optimization depends
on exploiting LUT structures and dual-output capabilities. For
ASICs, standard cell libraries provide the implementation sub-
strate, where the Boolean function decomposition and the tech-
nology mapping determine final circuit characteristics. Both
platforms benefit from systematic approaches to arithmetic
design. However, the required platform-specific optimizations
differ substantially.

No universal optimal approach exists for efficiently mapping
arbitrary arithmetic operations across these platforms due to
the inherent diversity of operation characteristics and tech-
nologies. This paper addresses four arithmetic operations that
share optimization for Electronic Design Automation (EDA)
tools challenges yet require distinct implementation strategies.

Multiplication by a constant is extensively used in numerical
algorithms [1], [2], signal/image/video processing, cryptogra-
phy, neural networks, and residue number systems (RNS) [3]-
[5]. The efficiency of this operation directly impacts digital
filter performance, FFT implementations, and matrix opera-
tions [5].

Modular multiplication plays a pivotal role in digital signal
processing [6], cryptography [5], and RNS [3], [5], where
operations on small moduli facilitate parallel processing and
improved throughput.

Modular reduction is a cornerstone operation underlying
numerous computational systems. Beyond cryptography, it is
fundamental to RNS implementations [3], [4], serving as the
core conversion operation. While efficient techniques exist for
special moduli (e.g., 2" &+ 1), arbitrary moduli require more
complex approaches. Until recently, modular reduction was
not efficiently synthesized by EDA tools, remaining a major
limitation for widespread RNS adoption.

Division by a constant occurs frequently across diverse
applications [7], including counters [8], cryptography [4], [9],
networks [10], general processing [11], [12], and accessing
interleaved memory banks with non-power-of-two configura-
tions. Hardware implementation poses unique challenges due
to design complexity and verification requirements [13], [14].

Contemporary design tools enable system description
through both traditional HDL languages and High-Level Syn-
thesis approaches. Algorithmic descriptions often exhibit re-
dundancy and suboptimal performance due to generalized
translation of mathematical algorithms into Register Trans-
fer Level (RTL) representations. FloPoCo (Floating-Point
Cores) [15], [16] is a state-of-the-art arithmetic core gener-
ator for designing arithmetic units [17] based on high-level
representations. Alternative approaches focus on hardware
design using Boolean minimization tools like ABC [18],
which optimizes combinational logic while considering target
architecture. However, these tools do not account for both
the main characteristics of arithmetic functions and the subtle
architectural features, such as Xilinx FPGA LUTs operating
in multiple modes.

The herein proposed approach for designing efficient arith-
metic units balances universality with emphasis on the tech-
nology mapping stage, representing arithmetic operations as
optimized Boolean functions specifically tailored to LUT-
based architectures. This provides a systematic methodology
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Fig. 1: Arithmetic function implementation methodology

applicable across different arithmetic operations while exploit-
ing their unique characteristics. This methodology enhances
delay and resource utilization compared to Xilinx Vivado
and demonstrates competitive performance against FloPoCo
by consistently delivering either more compact implemen-
tations or shorter critical paths, often achieving advantages
in both metrics simultaneously. Comprehensive evaluation
across ASIC technology (Cadence and Synopsys) confirms
the approach’s effectiveness across different implementation
platforms.

The rest of the paper is organized as follows. Section II
presents the six-stage methodology for arithmetic function
decomposition. Section III provides experimental evaluation
across all four arithmetic operations on FPGA and ASIC
platforms. Section IV summarizes findings and discusses im-
plications for arithmetic hardware design.

II. METHODOLOGY

The proposed methodology bridges the gap between high-
level arithmetic specifications and efficient hardware imple-
mentations through a systematic six-stage pipeline, illustrated
in Fig. 1. The figure also illustrates the evaluation in the first
four stages for modular multiplication R = (A-B)( mod 241)
as a running example: an 8 X 8 — 8 bit operation, where A =
(CLSCL7 ... CLI), B = (b8b7 .. bl), and R = (7”87”7 ce 7“1). The
approach decomposes arithmetic operations into structured
Boolean function networks specifically tailored for LUT-based
architectures, achieving competitive results on both FPGAs
and ASICs.

Stage 1: Arithmetic Decomposition. The input function
F is decomposed into a superposition of small-bit multiplica-
tions:

F=A4,-B1-Ci+A4-By-Co+---+ Ay - By - Cy, (1)

where F represents any of the arithmetic operations con-
sidered (e.g., modular reduction, modular multiplication,
multiplication by a constant, or division by a constant),
Ay, As, ..., Ay, B1,Bs, ..., B, are m-bit binary sub-vectors
derived from the input operands, and Cy, Cs, ..., C,, are pre-
calculated constants specific to the operation.

Stage 2: Boolean Mapping. Each multiplication term A, -
B;-C; i=1,2,...,w) is expressed as a system of Boolean
functions g;(X;), where X; represents the concatenated input
bits.

Stage 3: Boolean Decomposition and Minimization. The
Boolean functions are decomposed into networks of subfunc-
tions h;(X) with 5 or 6 variables each. Logic synthesis tools
such as ABC [18] perform this decomposition, though some
manual optimization is often required to fully exploit dual-
output LUT capabilities [19].

Stage 4: LUT/Library Mapping. The decomposition strat-
egy is inherently LUT-centric: 5-input subfunctions sharing
variables are paired onto 6-LUTs to exploit dual-output ca-
pability. Notably, this same 6-input bounded decomposition
proves equally effective both for FPGA and ASIC synthesis,
structured small-function networks enabling synthesis tools to
perform efficient technology mapping onto standard cells, a



benefit that emerges from the regularity of the decomposed
structure rather than architecture-specific tuning.

Stage 5: Parallel Addition Network. LUT outputs feed a
balanced addition tree performing parallel summation of inter-
mediate results. Unlike one-by-one addition approaches [20],
[21], this organization reduces critical path delay by comput-
ing higher-order and lower-order bits simultaneously. More-
over, when total input width fits within 6 variables, multiple
operands (up to 3-4) can be combined in a single LUT,
collapsing adder tree levels.

Stage 6: Result Integration. Final results are consolidated
through concatenation of intermediate values. For modular
operations, conditional correction (R — P if R > P, where
P is modulo) produces the final output.

This path is defined once per arithmetic operation class and
is reused across all parameter values within that class (e.g.,
the same Stage 3 procedure applies to modular reduction for
any modulus P). Adapting the methodology to a new operation
class (rather than to specific operand values) is what makes
the pipeline general and systematic.

In Fig. 1 for (A - B)(mod 241), Stage 1 decomposes
the operation into nine terms by splitting operands into 3-
and 2-bit chunks, yielding functions of 4-, 5-, and 6-bit
variables. Note that positional weights exceeding the modulus
are reduced using modular equivalences (2° mod 241 = 30
and 2'2 mod 241 = 240):

((asasas) - (bsbr) - 27) (mod 241) =
((asasayq) - (bsbr) - 30) (mod 241),
((asaz) - (bebsba) - 27) (mod 241) =
((asar) - (bbsbs) - 30) (mod 241),
((asaz) - (bsbr) - 2'%) (mod 241) =
((asaz) - (bsbr) - 240) (mod 241).

2

Stage 2 represents each term as a Boolean function system: for
example, the term (agaz)-(bgbr)-240 (mod 241) maps 4 input
bits to 8 output bits via a truth table. Stage 3 minimizes these
functions using ABC, producing expressions such as tg = t7 =
ts = (agVar)-(bgVbr). Stage 4 maps the optimized functions
onto three 6-LUTs by pairing outputs that share identical input
variables (t1,to, t3,t4, and t5,t¢ = ty = tg) for the term
(a8a7) . (b8b7) - 240 (mod 241)

III. EXPERIMENTAL EVALUATION

We conducted experiments' with the following configu-
rations: [ut 5 and lut_6 represent 5-input and 6-input LUT
decompositions, respectively; Vivado targets Xilinx embedded
synthesis tool for FPGA; Cadence and Synopsys represent
vendor synthesis tools for ASIC; fpc is the default setup of
FloPoCo for multiplication by a constant, fpc_0 and fpc_3 cor-
respond to FloPoCo solutions with arch=0 (default architec-
ture) and arch=3 (architecture with arithmetic minimization),
respectively, for 6-input LUTs (alpha=6). The work [20]

'HDL-files are in https://github.com/ZeboZebo702/DATE_2026.

considers similar conditions, with specific differences detailed
in the division by constant analysis.

All approaches produce synthesizable Verilog RTL as out-
put. For the proposed method the six-stage methodology
generates hardware descriptions, in Verilog, where Boolean
functions are explicitly decomposed according to the target
LUT configuration. These hardware descriptions in Verilog
files are then processed by the respective synthesis tools to
obtain final metrics. FloPoCo similarly generates Verilog RTL,
which undergoes identical synthesis flows. Native tool results
(Vivado, Cadence, Synopsys) are obtained by synthesizing
straightforward descriptions using standard arithmetic opera-
tors (e.g.,assign R = (A * B)% P;),allowing the tools
to apply their built-in optimization methods. The objective of
this comparison is precisely to evaluate how the proposed
methodology performs against the built-in optimization al-
gorithms of EDA tools, with all tool-internal optimizations
enabled. For elementary operations (e.g., 5x5 multipliers)
native synthesis is known to be near-optimal, thus the research
interest therefore lies in more complex arithmetic units, where
the limits of generic synthesis algorithms become apparent.

FPGA experiments target Xilinx Kintex-7 (xc7k70tfbg484-
3) using Vivado 2022.2 with complete place-and-route. To
ensure fair comparison focusing on combinational logic op-
timization, the use of embedded hardware blocks (DSPs,
BRAMSs, hard multipliers) was disabled, Configurable Logic
Blocks (CLBs), and their constituent LUTs, are the only
FPGA components used. This constraint isolates the efficiency
of Boolean function optimization from hardware resource
specifics.

ASIC experiments employ two synthesis flows for identical
technology: the Generic Standard Cell Library (gscl45nm)
based on FreePDK45 for 45nm CMOS technology. Cadence
flow: Logic synthesis via Cadence Genus 21.15-s080_1, phys-
ical implementation via Cadence Innovus 21.35-s114_1 . Re-
sults represent complete physical implementation. Synopsys
flow: Logic synthesis via Synopsys Design Compiler U-
2022.12. Results represent pre-layout synthesis-only metrics
with wire load models for interconnect delay estimation. Both
ASIC flows applied timing constraints of 1ns (aggressive
optimization) for the presented results.

A. Multiplication by a Constant

Multiplication by a constant allows for significant optimiza-
tions since one operand is known at design time, enabling spe-
cialized circuit architectures that can achieve better resource
utilization and improved performance.

Let’s consider multipliers by a constant (C) using different
five bit-ranges of A and five different constant values C, as it
is specified A - C in Table I’:

1) 7-bit variable A and 29-bit prime C = 536870909 =

229 _ 3, as it titled 7 x 29;
2) 8-bit variable A and 46-bit prime C' = 70368744177629,
as it titled 8 x 46;

2We use the symbol ”-” to represent multiplication and the symbol ”x” to
the bit width of operands and values are represented in decimal.



3) 9-bit variable A and 101-bit prime constant C' = 25353
01200456458802993406409959, as it titled 9 x 101;

4) 9-bit variable A and 157-bit constant C' = 2157 — 7, as
it titled 9 x 157;

5) 10-bit variable A and 183-bit composite constant C' =
2183 1, as it titled 10 x 183.

The results of the synthesis of the circuits for these five
examples are presented in Table I. On FPGA, the proposed
approach achieves advantages over FloPoCo and Vivado in
LUT utilization ranging from 1.4x, for the 29-bit constant
multiplication, to more than 11x, for the 183-bit special-
form constant. Timing performance is approximately balanced
across all three compared approaches with a slight advantage
for the proposed method (up to 10% critical path improve-
ment in some cases). The most substantial improvements are
observed for special-form constants of the type 2" =+ 1, for
which Boolean minimization effectively recognizes repeating
patterns in the binary representation.

TABLE I: Critical path and circuit area for the multiplication
of A by a constant C'

Vivado

Multiplication LUTs critical path (ns)
bits X bits||[Vivado [lu_5[lu_6] fpc || Vivado [lut_5[lui_6] fpc
7X 29 24 17 | 17 | 24 8.0 741172179
8X 46 71 46 | 49 | 78 9 81| 83 (92
9 x 101 126 79 | 85 | 134 13.8 [12.2|12.2|13.1
9 X 157 179 44 | 49 | 244 147 | 163]158|16.1
10 x 183 204 18 18 | 257 15.9 163 17 |15.5

Cadence

Multiplication cells critical path (ns)
bits X Dbits||Cadence [lut_Sl lut_6[ fpc || Cadence [lut_Sl lut_6[ fpc
Tx 29 147 228 | 161 | 161 0.8 03 | 04 |06
8x 46 306 808 | 792 | 713 0.9 07 |07 |12
9 x 101 387 | 1063|1060 | 1660 0.9 09 |09 |17
9 X 157 208 483 | 464 | 964 0.8 06|05 |14
10 x 183 138 133 | 133 | 795 0.4 0510512

Synopsys

Multiplication cells critical path (ns)
bits X bits||Synopsys [ lut_5[ lut_6[ Jfpc || Synopsys [ lut_5[ lut_6[ fpc
Tx 29 2741 | 298 | 312 | 361 1.0 04 | 04 |09
8x 46 4753 1074|1051 | 2502 1.2 09 107 | 1.1
9 x 101 10804 |1620(1601|5798 1.3 09 | 1.0 |15
9 x 157 17816 | 617 | 599 8184 1.4 06|05 |13
10 x 183 23348 | 246 | 238 8576 1.4 04 | 05 |14

Synthesis in Cadence yields a more complex picture. Native
Cadence algorithms demonstrated greater area efficiency for
most cases, utilizing 1.5-2.7x fewer cells than the proposed
approach for general-form constants. The exception is the 183-
bit special-form constant, where the proposed method achieves
comparable cell count (133 vs 138). Compared to FloPoCo,
the proposed approach uses comparable or fewer cells (up
to 6x fewer depending on the constant). However, timing
performance of the proposed approach is more favorable
for most configurations, achieving critical paths of 0.4-0.9ns
versus 0.6-1.7ns for FloPoCo. Compared to native Cadence,
the proposed method achieves up to 2x advantage for general-
form constants (e.g., 0.4ns vs 0.8ns for 7x29), though for

the 183-bit special-form constant Cadence achieves a shorter
critical path (0.4ns vs 0.5ns). These results demonstrate the
ability of Boolean decomposition to create shorter critical
paths through parallelized computational structures.

For Synopsys synthesis, the area advantage varies from 9x
for the 29-bit constant multiplication to nearly 100x for the
183-bit special-form constant compared to native Synopsys
synthesis. The advantage over FloPoCo ranges from 1.2x to
36x depending on the constant value. The critical path of the
proposed approach is up to 3.5x shorter than native Synopsys
and up to 2.8x shorter than FloPoCo.

B. Modular Multiplication

Modular multiplication computes (A - B)(mod P), where
A and B are input operands and P is the modulo. We
focus on modular multiplication for small moduli, which form
the building blocks of RNS computations; the efficiency of
the overall system depends critically on the efficiency of
these elemental operations. The foundation of RNS relies on
computations with moduli that must be co-prime numbers.
Hardware implementation of modular multiplication for small
moduli enables high parallelism in RNS-based systems. Some
efficient approaches to RNS computations involves operations
with small bit-width moduli ranging from 4 to 12 bits [22],
[23].

The propose methodology applies Boolean function min-
imization techniques to represent the modular multiplication
result directly as a function of the input bits, bypassing the
need for explicit multiplication followed by reduction. This
approach is particularly effective for small moduli, where the
complete truth table of the operation can be represented and
minimized efficiently. Efficient mapping of modular multipli-
cation is based on (3).

(A- B)(mod P) =
izw: (A; - B; - 20729) (mod P) = S, )

i=1 j=1

where A = (A, Ay—1,...,A1) and B = (By, By—1,-- -,
By) are w-th bit sub-vectors, ¢ the number of bits per sub-
vector, and A and B are n-bit vectors. One tricky aspect of
the proposed approach is the selection of the appropriate value
for 29. Specifically, with k& denoting the number of input bits
of the LUTSs, when ¢ = j = w, we require that 26 < k, while
for cases where 7,7 # w, we set 2-6 = k.

Table II presents experimental results for modular
multipliers with five different prime moduli: P =
241,491,997,2011,4051, covering 8 to 12-bit ranges. It is
important to note that FloPoCo does not support modular
multiplier generation, therefore comparison is limited to the
proposed approach and vendor synthesis tools.

On FPGA, the proposed approach demonstrates modulus-
size-dependent optimization characteristics. For small moduli
(P = 241,491), the proposed method achieves balanced
improvements with up to 25% LUT reduction and up to
25% critical path reduction compared to Vivado. For larger



moduli (P = 997,2011,4051), the optimization shifts toward
timing-focused strategy, showing up to 30% LUT increase
but delivering consistent up to 15% delay improvements.
This evolution reflects the trade-off between compact Boolean
function representations for smaller moduli, and parallelized
structures for improved timing in larger moduli.

TABLE 1II: Critical path and circuit area for modular multipli-
ers (A - B)(modP)

l Vivado ‘
P LUTs critical path (ns)
Vivado [ lut_5 [ lut_6 Vivado [ lut 5 [ lut_6
241 145 128 | 127 13.6 109 | 10.7
491 162 125 129 13.9 10.5 | 109
997 232 244 245 14.8 13.8 | 139
2011 219 282 277 16.2 14.0 | 14.3
4051 298 295 310 17.1 144 | 149
Cadence
P cells critical path (ns)

Cadence [ lut_5 [ lut_6 || Cadence [ lut 5 [ lut_6
241 2083 2279 | 2199 2.7 20 | 21
491 2335 2852 | 2891 3.1 22 | 22
997 3288 3624 | 3512 4.0 26 | 2.6

2011 3613 4225 | 4094 4.6 2.6 2.3

4051 4518 5322 | 5355 52 2.8 3.0

Synopsys

cells critical path (ns)
Synopsys [ lut_5 [ lut_6 || Synopsys [ lut_5 [ lut_6
241 2653 4409 | 4276 3.0 1.5 | 1.5
491 3302 5395 | 5103 35 1.5 | 1.5
997 3912 7739 | 7156 3.8 1.7 | 1.8
2011 4705 8603 | 8131 44 1.7 | 1.7
4051 5748 | 10447 | 9875 4.7 1.6 | 1.6

P

Synthesis in Cadence reveals consistent timing advantages
of the proposed approach despite variable area characteristics.
For small moduli (P = 241), the proposed approach uses com-
parable cell count while achieving 20% delay improvement
(2.1ns vs 2.7ns). For larger moduli (P = 2011, 4051), the area
overhead increases to up to 20%, but timing improvements
become dramatic up to 50% shorter critical paths (2.3-3.0ns
vs 4.6-5.2ns). This pattern demonstrates that Boolean de-
composition creates fundamentally shorter datapaths through
parallelized multiplication of small-bitwidth factors, which
becomes particularly effective during physical implementation
for larger moduli.

For Synopsys synthesis, the proposed approach utilizes 1.6-
1.8x more cells than native Synopsys across all moduli sizes.
However, regarding performance, significant shorter critical
paths are achieved: 1.5-1.8ns for the proposed method versus
3.0-4.7ns for native Synopsys, representing up to 60% timing
improvement. The proposed method’s delays show minimal
dependence on modulus size (1.5-1.8ns range), while native
Synopsys delays increase with modulus (3.0-4.7ns), indicating
more efficient critical path organization in the decomposition-
based approach.

C. Modular Reduction

Modular reduction A (mod P) is represented as the n-bit
number A = (Ay, Ay-1,...,A1) split into w 6-bit chunks,

multiplying the #*" chunk by 2°(mod P) fori=1,2,...,w
Splitting into 6-bit chunks reduces the number of intermediate
additions compared with splitting into 5-bit chunks. The
efficient mapping of the reduction is based on (4).

ZA

Table III presents experlmental results for modular reduc-
tion with two input bitwidths (168-bit and 270-bit) and five
different moduli (P = 241,491,997,2011,4051). On FPGA,
the proposed approach demonstrates the most significant im-
provements among all operations. For 168-bit inputs, LUT
reduction ranges up to 10x (400-599 vs 4290-4706 for Vivado)
with simultaneous up to 35% critical path reduction. For 270-
bit inputs, the advantages are even more pronounced: up to
20x LUT reduction (509-834 vs 9926-11670), with the 241-
modulo case achieving a remarkable 20x reduction (509 vs
10024 LUTs) and 40% critical path reduction. This excep-
tional efficiency stems from the decomposition into weighted
chunk multiplications Y, A; - (26¢=Y) mod P), where each
chunk-constant product represents a small Boolean function.
Compared to FloPoCo (fpc_3), the proposed approach in eight
cases of ten achieves up to 20% LUT reduction, though fpc_3
achieves up to 25% better delays in some cases.

Synthesis in Cadence reveals the a complex optimization
landscape. Native Cadence synthesis shows anomalously large
delays (40-280 ns for 168-270-bit inputs), orders of mag-
nitude worse than other operations, indicating severe routing
congestion or non-optimized datapath structures. The proposed
approach achieves up to 20x cell reduction with huge timing
improvements: up to 85X better critical paths (for 270-bit
inputs with P = 491). Compared to FloPoCo, the proposed
method uses up to 1.8x fewer cells than fpc_0 and fpc_3,
reaching 30% outperform in the critical path. Notably, fpc_0
often produces more compact circuits than fpc_3 on Cadence,
yet the proposed approach consistently outperforms both vari-
ants.

For Synopsys synthesis, the proposed approach achieves up
to 2.3x cell count reduction compared to native Synopsys.
More critically, timing improvements are significant: up to
30x better critical paths (2.0-2.6 ns vs 33.8-68.2 ns). All
approaches (lut_6, fpc_0, fpc_3) show nearly uniform delays
(2.0-2.6 ns) on Synopsys, characteristic of wire load model
limitations in distinguishing subtle datapath topology differ-
ences. However, area differences are substantial: the proposed
method uses 2-3x fewer cells than fpc_0 and 2.7-5.3%
fewer cells than fpc_3, with the advantage increasing for mid-
range moduli (P = 491,997, 2011). Native Synopsys exhibits
extremely long delays, indicating fundamental inability to
efficiently synthesize modular reduction without specialized
algorithms.

A(mod P) (260=Y(mod P)). )

D. Division by a Constant

The proposed approach for division by a constant entirely
avoids memory elements and feedback loops. The dividend is
decomposed into a network of small-bit numbers, which are



represented as systems of Boolean functions. These systems
of functions encode the quotient and remainder calculations
for their respective sub-vectors, specifically tailored to LUT
architectures. The architecture’s scalability stems from its
ability to handle divisors of arbitrary value and bit-width using
a systematic decomposition approach, rather than relying on
special-case algorithms restricted to specific types of divisors.
The proposed method is particularly valuable for applications
where the divisor is known at design time, allowing for spe-
cialized optimizations that would be not possible in general-
purpose dividers.

TABLE III: Critical path and circuit area for modular reduction
A(mod P)

Vivado

bit range

of A P LUTs critical path (ns)

Vivado | lut_6 | fpc_0] fpc_3 || Vivado [lui_6]fpc_0[fpc_3
241 || 4419 [ 400 [ 7979 | 380 257 [17.2]238.4] 16.1
491 || 4330 | 467 |12333| 508 23.6 | 18.4|281.4]17.9
168 [ 997 || 4706 | 599 |13198| 558 236 |17.0[298.2] 16.6
2011 4290 | 534 |14847| 610 259 [17.7|308.8] 16.5
4051 || 4225 | 484 | 4691 | 529 253 | 17.5|263.4]17.3
241 || 10024 | 509 [13847] 604 33.6 |20.5(382.6] 17.2
491 || 11088 | 701 |17185| 826 337 | 23.1445.7]17.3
270 [ 997 || 11310 | 760 |15061| 905 307 | 22.4(4449]17.2
2011|] 11670 | 834 |10454| 1005 342 [21.9415.0] 18.0
4051 9926 | 744 | 7751 | 861 334 [21.5|426.8] 18.6

Cadence

bit range

of A P cells critical path (ns)

Cadence [ lut_6 [ fpc_0 [ fpc_3 || Cadence [lut_6 [ j])c_O[ fpc_3
241 19474 | 5274 | 9447 | 8417 40.2 23| 27| 27
491 21041 (1329914722 16519 49.1 29| 32 | 3.1
168 997 31824 (1428014868 | 16519 58.7 28 | 29 | 31
2011 33253 |16388|17588 | 28828 60.7 25| 34| 34
4051 || 27766 |10840(13782| 14095 51.3 27| 33| 30
241 || 164957 | 8178 | 14489 14134 || 210.0 | 2.6 | 3.0 | 2.8
491 || 225954 |21381 (24630 27730 || 280.0 | 3.3 | 3.9 | 3.7
270 997 || 213834 |21801 (26337 29756 2680 | 3.2 | 3.7 | 39
2011 || 173843 |25866(29421 | 34086 1980 | 3.3 | 40 | 41
4051 || 197444 {16374 (22502 | 24480 || 2483 | 2.9 | 40 | 43

Synopsys

bit range

of A P cells critical path (ns)

Synopsys [ lut_6 [ fpc_0 [ fpc_3 || Synopsys [ lut_6 [ fpc_0 [ fpc_3
241 23155 |10486|19488 | 27827 338 213 2.0 | 2.0
491 26315 [19275|47380| 69012 343 23121 | 22
168 997 28844 (1879949922 | 68247 35.1 21| 2223
2011 32367 |22717|44571| 70130 373 21 23|23
4051 || 35757 |16266 (30253 | 40081 384 20| 22|22
241 36428 |15758|32067 | 42038 56.4 23| 23|23
491 || 42121 |28570(89559 150875 57.6 26| 25| 25
270 997 || 44700 [29113 89706143962 60.1 25| 24 | 25
2011 49225 |33825|88314 (139098 64.8 23| 25|26
4051 || 52826 |24686|51673| 65493 68.2 22| 25|25

Let’s consider the division of the dividend A by a d, the
quotient is () and the residue R, as expressed in (5), where
A, d, @, and R are integers.

A=Q d+R; ={Q, R};
) ' )

&l

The proposed division method is similar to the one adopted
for modular reduction: the dividend is split into 6-bit chunks
starting from the first v-bit segment, where v is the bit width
of the divisor. Hence, A is considered as a sequence of w 6-
bit chunks, with ¢ = 2,3, ... w; chunk A; is represented by a
v-bit chunk, as specified in (6).

Al—d, ldeAl, 1, ldeAl,
R = . Q1= .
Ay, otherwise; 0, otherwise;
2002t 4y =Q; - d + Ry;
26~(i—2)+v A Al 6
¥ ={Qi, Ri}; ©
26:-(i—2)+v A;
{ d 7J =@

26:0=24v . A — Q; - d =R;.

From (5), the division can be represented as the sum of (6):

w w
Qtemp = Ql + Z Qu Rtemp =R+ ZRu

i=2 i=2
where ()1 and R; are the quotient and the residue of the
division of the first v-bit chunk, respectively. The final result

{Q, R} is represented as:

Q= Quemp + |2 |; R = Ruawy — |22 -

Table IV presents experimental results for division by
constant with four dividend bitwidths (16, 32, 48, 64 bits)
and various divisor values. With the purpose of comparison,
it provides also results for the approach in [20] and FloPoCo
variants.

On FPGA, the proposed approach exhibits strong input-
bitwidth-dependent optimization with a significant crossover at
32 bits. For 16-bit dividends, Vivado maintains area advantage
(30-37 LUTs vs 64-66 for lut_6), while the proposed method
achieves up to 20% better timing. At 32-bit dividends, a radical
shift occurs: the proposed approach achieves up to 6x LUT re-
duction with up to 40% delay reduction. This crossover reflects
Vivado’s effective pattern matching for small dividends versus
the proposed method’s systematic 6-bit chunk decomposition
that scales linearly. For 48-64-bit dividends, advantages of the
proposed methodology strengthen to up to 5x LUT savings
with up to 1.7x timing improvements. Compared to [20], the
proposed method shows comparable performance for 16-32-
bit cases. For 48-bit dividends, the proposed approach achieves
up to 25% fewer LUTs and up to 1.7x shorter critical path.
For 64-bit dividends, [20] achieves fewer LUTs in all cases,
while the proposed method delivers up to 2.5x better critical
paths. Against FloPoCo, the proposed approach consistently
achieves better critical path and comparable area costs.

Synthesis with Cadence tools demonstrates systematic per-
formance advantage across the entire input range. For 16-bit
dividends, the proposed approach shows mixed results: +50%
cells with +20% delay for divisor 5, but -40% cells with -35%
delay for divisor 13. For 32-bit dividends, timing advantages
become dominant: -10% to +18% area variation, but up to




3.6x delay improvements, with the divisor 23 case achieving
simultaneous benefits (-12% cells, -72% delay). For 48-bit div-
idends, the pattern strengthens: up to +15% area overhead but
dramatic up to 74% timing reduction (2.1-2.3ns vs 9.1-9.7ns),
representing 4-4.5x shorter critical paths. For 64-bit dividends,
area overhead increases to up to 55% but reduction achieves
4.5-4.7x (2.2-2.4ns vs 9.8-11.2ns). Compared to [20], the
proposed method outperforms for 32, 48, and 64-bit dividends,
with advantages strengthening for larger bitwidths: up to 25%
fewer cells and up to 2.2x better timing for 48-64-bit cases.
Against FloPoCo, Ilut 6 uses 0.8-1.6x cells of fpc_3 while
consistently achieving 60% better timing, demonstrating that
Boolean decomposition creates shorter critical paths through
parallelized computation structures, at the cost of additional
logic resources for larger dividends.

For Synopsys synthesis, the proposed approach demon-
strates consistent and substantial timing advantages across all
dividend bitwidths, with area costs that varies with operand
size. For 16-bit dividends, lut_6 achieves comparable or less
area in two of three cases (up to 1.5x fewer cells for d = 13)
with 2x timing improvement (1.0-1.1 ns vs 2.2-2.3 ns). For
32-bit dividends, area overhead increases moderately (1.1—
1.4x more cells), but timing reduces to 4.7x (1.1-1.2 ns vs
4.2-5.2 ns). For 48-bit dividends, the pattern shows mixed
area results: luz_6 uses up to 1.3x more cells for smaller
divisors but achieves 1.2x fewer cells for d = 241, while
timing improvements reach 7-7.5x (1.1-1.2 ns vs 8.3-8.5 ns).
For 64-bit dividends, area overhead is most pronounced
(1.6-2.7x more cells), yet timing advantages peak at 8-9x
(1.1-1.2 ns vs 8.8-11.1 ns). The near-uniform delays (1.0-
1.2 ns) across all bitwidths for the proposed approach contrast
sharply with native Synopsys delays that grow from 2.2 ns to
11.1 ns, demonstrating fundamentally more efficient critical
path organization through parallelized Boolean decomposition.
Compared to FloPoCo fpc_3, lut_6 uses 1.1-2.4x fewer cells
while achieving 1.3-1.8x better timing across all configura-
tions. Compared to [20], the proposed method achieves nearly
identical cell counts with a slight advantage, while timing
improvements scale with dividend bitwidth: comparable delays
for 16-bit dividends, increasing to 4x shorter critical paths for
64-bit dividends.

IV. DISCUSSION AND CONCLUSION

This paper proposed a systematic methodology for design-
ing efficient arithmetic units on FPGA and ASIC platforms
through Boolean function decomposition tailored specifically
for LUT architectures. The six-stage approach demonstrates
consistent performance improvements across diverse arith-
metic operations (multiplication by constant, modular multi-
plication, modular reduction, and division by constant).

Experimental results show that the methodology achieves
competitive or superior performance compared to vendor syn-
thesis tools and FloPoCo framework across both FPGA and
ASIC platforms. On FPGA, the approach consistently provides
either significant resource savings (up to 20x LUT reduction
for modular reduction) or substantial timing improvements (up

TABLE IV: Critical path and circuit area for division by a
constant 4 = {Q, R}

Vivado

bit range| LUTs critical path (ns)

of A Vivado [ [20][Iut_6[fpc_0 [fpc_3 Vivado [[ZO]IILH_ fpc_Ofpc_3|
5 30 51 | 64 71 59 8.0 8717784190
16 |11 37 52| 57 | 154 | 59 10.6 |8.5(8.6[9.7|9.6
13 37 70 | 66 | 184 | 63 103 |8.7(81[92|9.0
5 718 125 | 123 | 158 | 155 15.6 |15.8]9.5[12.9(10.7
32 |11|| 563 | 158|165 | 370 | 182 158 [16.4(10.1|14.1|11.5
23| 445 | 186 | 187 | 979 | 197 14.7 |15.3|11.1{18.7|11.7
47| 1144 | 394 | 423 | 2849 | 410 18.4 |22.8|13.5/29.5|13.7
48 [113| 1382 | 501 | 523 | 4672 | 408 17.6 [19.7(13.4/38.1|14.3
R41|| 1596 | 750 | 575 | 4713 | 386 184 |17.2|13.4{35.5|14.3
5| 2302 | 385|460 | 341 | 523 21.1 |30.4|12.8]22.0|14.7

64 [11][ 2039 [435|467 | 955 | 589 || 22.1 [32.3[12.5]27.0]16.0
23[| 1532 [ 493|514 | 2454 | 542 || 19.2 [33.0]15.5[35.7[15.3
Cadence
bit range| d cells critical path (ns)
of A Cadence] [20][lut_6] fpc_0 [ fpc_3 ||Cadence] [20 Jjut_6ffpc_Gfpc_3|
51 762 [1281]1131] 1110 | 963 11 [13[13]13]14
16 [11]] 1335 [1413[1344] 3225 [ 1346 || 19 [14[14]22]17

13| 1403 [1097| 844 | 4176 | 1409 18 |1.2]12(32]|14
5|| 2197 |3371|2564| 2347 | 2741 1.3 |21]|14]29(20
32 |11 3108 [4132(3677| 6774 | 3847 44 |21 |17]54]23
23| 3999 |3840(3520|12277| 4053 50 (2014|7022
47| 7284 |9806(8336(29449| 9781 9.1 [29(21|21.1]3.0
48 |113] 8134 |8616|8288(47828| 8106 9.6 [3.0(2.3|31.2]28
R41)| 9500 |7401|7393|36713| 6345 9.7 125(22|20.7| 2.8
5| 5485 [10193 7662 4825 | 9768 27 [42(19]|62]32

64 11|| 6033 [11311/9361 |15324|12553 9.8 39122(14.6| 3.5

23| 7903 (104679788(27861 (11804 11.2 |3.5|2.4|16.8] 3.3
Synopsys
bit range| cells critical path (ns)

d

of A ynopsys{ [20] [lut_6[ Jfpc_0 [ fpc_3 _\'nopsys{ [ 2()]Ilut_61fpc_4fpc_3
5|| 1445 |2110(1589| 3199 | 2509 22 |L1|10|1.1]13

16 I1|| 1945 [2221(1939| 9980 | 2701 2.3 1111|1115

13| 1929 [1927(1250(10861| 3010 22 |L1|1O| 11|14
51| 3040 |5003|4189| 7752 | 5768 42 |22|12(15]15
32 |11|| 4097 |5970|5430(21508| 6503 50 [21(11|22]16
23| 4990 [6090|5398|36635| 7138 52 |21 (112417
47| 9414 [1270912620,80152(15172|| 83 |3.0(1.1|3.8 |19
48 [113] 10315 |12212[12038153050 14748|| 8.3 |2.6|1.1|4.5|2.1
R41)| 11982 [10021]10021336409111725| 8.5 |22 |12|5.1]20
5 || 5883 [1561516068/14035{16030|| 8.8 |4.5|11[29]20
64 |11]| 8269 [1718517121|38097|17102|| 9.9 |4.3|12|44 |21
23| 10251 (15780(1609062043 (18741 11.1 4.0 (1.2|4.8 |20

to 45% critical path reduction for division), often achieving
advantages in both metrics simultaneously. ASIC synthesis
reveals platform-specific characteristics: Synopsys pre-layout
results demonstrate dramatic cell count reductions (up to
100x for multiplication by constant) with consistent timing
advantages, while Cadence post-layout synthesis shows more
nuanced trade-offs, exceptional timing performance (up to
85x for modular reduction) with area efficiency varying by
operation type.

Particularly noteworthy is the method’s effectiveness for
modular reduction, addressing a fundamental weakness in tra-
ditional synthesis tools that lack specialized algorithms for this
operation. Native tools produce inefficient implementations:
Cadence yields up to 85x longer critical paths and up to 28x



more cells, while Synopsys exhibits up to 30x longer critical
paths and up to 2.3x more cells.

The paper presented ASIC results for 1ns timing constraints
to evaluate aggressive optimization scenarios. Additional ex-
periments conducted across unconstrained (area-optimal) and
10ns (relaxed timing) constraints reveal consistent trends.
By relaxing timing constraints from Ins to unconstrained
typically yields 5-20% area reduction with increasing critical
path (sometimes up to 4x). Comprehensive power analysis
(across multiple standard cell libraries and composite metrics)
constitutes a primary direction for future work, motivated by
preliminary measurements on gscl45nm that do not show a
clear correlation between power and either delay or area.

Despite being formulated for FPGA LUT architectures, the
proposed approach demonstrates effectiveness also on ASIC
platforms. The key insight is that decomposing arithmetic
operations into bounded 6-input Boolean function networks
creates a regularity that benefits any synthesis flow. For
FPGA:s, this structure directly maps to LUT primitives, while
for ASICs it provides synthesis tools with manageable sub-
problems rather than monolithic Boolean networks spanning
dozens or hundreds of inputs. Standard cell mappers can
efficiently optimize small, well-defined functions, whereas
large networks often cause synthesis tools to expend excessive
runtime searching for optimal decompositions of large Boolean
networks. The resulting structured netlists exhibit shorter
critical paths through inherent parallelism and reduced logic
depth benefits that manifest regardless of whether the target
is an FPGA LUT or an ASIC standard cell. This structural
regularity, rather than LUT specific targeting, explains the
cross-platform effectiveness of the approach.

Synthesis runtime represents another practical advantage.
The proposed approach requires at most several minutes for
the most complex designs (e.g., 270-bit modular reduction). In
contrast, vendor synthesis tools and FloPoCo can require many
hours for equivalent designs, particularly for operations like
modular reduction where specialized optimization algorithms
must explore large solution spaces.

The strength of the proposed methodology lies in its adapt-
ability to the specific characteristics of different arithmetic
operations, rather than relying on one-size-fits-all optimization
strategies. While the full six-stage strategy is illustrated for
modular multiplication, individual operations require only
specific subsets of stages: multiplication by a constant uses
only Stages 2-4 (Boolean mapping through LUT mapping),
division by a constant omits modular correction, and modular
multiplication requires correction but not concatenation. This
modularity suggests broader applicability beyond the four
operations studied here, including floating-point arithmetic
and matrix operations, which represents a direction for future
work. This flexibility is particularly valuable for RNS imple-
mentations, where traditional approaches often fail to deliver
efficient solutions.
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