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Abstract

Floating-point addition is a fundamental operation in digital signal processing, scientific computing, artificial
intelligence, and FPGA-based computing systems. Conventional IEEE 754 floating-point adders provide high
numerical accuracy but suffer from increased latency and hardware complexity due to exponent alignment, carry
propagation, normalization, and rounding operations. This work presents the design and FPGA implementation
of a hardware-efficient 4-term floating-point adder with single normalization and pipelined parallel
accumulation. The proposed architecture employs a carry-preserving parallel adder tree to perform simultaneous
accumulation of four aligned mantissas, reducing arithmetic delay and improving throughput. A lightweight
single-stage normalization technique minimizes hardware overhead while preserving near-monotonic arithmetic
behavior. Pipeline registers further enhance performance by reducing the critical path. The architecture is
implemented in Verilog HDL, verified using ModelSim, and synthesized on an Intel Cyclone V FPGA using
Quartus Prime. Synthesis results show that the design utilizes only 334 Adaptive Logic Modules (ALMs) and 25
registers, occupying less than 1% of the available FPGA resources. The proposed architecture achieves an
effective balance between hardware efficiency, computational speed, and numerical accuracy, making it suitable
for FPGA-based arithmetic accelerators and high-performance embedded computing applications.

Keywords—Floating-Point Adder, IEEE 754, FPGA, Verilog HDL, Approximate Computing, Pipelining, Parallel
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I. INTRODUCTION

Floating point arithmetic is a crucial component of
today's digital systems with a high dynamic range
numerical processing requirements. The floating point
addition and accumulation operations are being
extensively used in applications like machine learning
accelerators, image processing systems, scientific
simulations, graphics processing, digital
communications, etc. With the rise in computational
complexity in present-day high-speed systems, the
need for high-speed arithmetic architecture which is
also hardware efficient has gained significance.

The conventional IEEE754 floating point adders are
designed to perform accurate numerical computation
by aligning the exponents, adding the mantissa,
normalizing the result and rounding the result. These
architectures attain high numerical precision, but can
be complex and have a long propagation delay,
because of the sequential carry propagation and
iterative normalization features. These limitations are
more important in multi-operand floating point
accumulation systems, where multiple carry
propagation operations and normalization stages result
in significant arithmetic delay and decrease in
throughput.

A few researches have been performed on parallel
floating point accumulation, approximate arithmetic,
compressor-based addition and pipelined architectures
to enhance the arithmetic performance. Approximate
arithmetic techniques alleviate the demands for
numerical precision, reduce the hardware complexity,
and still provide an acceptable level of computation
accuracy. Likewise, carry preserve accumulation
techniques also avoid carry propagation until the end
of the arithmetic stages, thus decreasing the critical
path delay. Multiple arithmetic stages can be executed
simultaneously and throughput is further improved by
pipelining.

Many approximate FPA architectures, however, incur
some monotonicity violations and significant
normalization overhead, leading to a loss of numerical
stability and hardware efficiency. The design of the
FPGA-based floating point arithmetic which preserves
monotonic arithmetic behavior and has low hardware
complexity is one of the problems that have been
difficult.

This paper presents an approximate floating point
adder with pipelined highlevel architecture to
overcome these drawbacks, through using the
lightweight single-stage normalization and carry-
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preserving parallel accumulation. The proposed
architecture will perform parallel addition of four
parallel aligned mantissas by using a parallel carry-
preserving adder tree which will decrease arithmetic
depth and boost throughput. A simple normalisation
approach is proposed to reduce area consumption
without sacrificing the near-monotonicity of the
arithmetic operations. To minimize critical path delay
and enhance operating frequency, pipeline registers
are added.

The proposed design has been coded in Verilog HDL
and  synthesized on Cyclone V  FPGA
platform.Waveform  analysis and  behavioral
simulation were performed using ModelSim to verify
the correctness of each design module [11]. The
experimental results show that the proposed
architecture is effective for implementing high-
performance floating-point accumulation applications
with low hardware utilization, low normalization
overhead, high arithmetic throughput and efficient
FPGA implementation.

II. RELATED WORK
Many scientific computing, signal processing,
graphics processing, machine learning accelerators
and FPGA-based embedded systems are built on the
computational backbone of floating point arithmetic.
While conventional IEEE754 floating point arithmetic
is highly accurate and has uniform computation rules,
the high hardware complexity, carry propagation delay
of the arithmetic operations and the necessary
normalization overhead reduce the arithmetic
performance of high speed digital systems [1, 2].
There have been several studies on the design of high
speed floating point arithmetic architectures to
increase throughput and decrease arithmetic latency.
Arithmetic algorithms and efficient floating point
computing hardware architectures were extensively
discussed by Parhami and Koren [3, 4]. The theoretical
basis of parallel arithmetic structures, carry-save
accumulation, and compressor-based arithmetic units,
which are key components of modern VLSI-based
arithmetic systems, were set by their work.
The traditional sequential floating point adders are
serial in performing the functions of exponent
comparison, normalizing the mantissa, aligning the
mantissa and adding the mantissas, rounding, etc.
These architectures are correct but have the
disadvantage of repeated carry propagation and
iterative normalization stages which result in large
combinational delay. To address these deficiencies,
carry-save and  carry-preserving  accumulation
techniques have been developed to decrease arithmetic
depth and increase computation speed [3, 7]
respectively.
Because of its ability to decrease hardware complexity
and enhance the computational efficiency,
approximate computing has become an important
research field. In [5] ZHU et al. presented low-power
approximate adders for applications where errors are
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tolerable, and showed that area and propagation delay
can be reduced substantially. Likewise, Mahdiani et al.
[6] developed imprecise computational blocks for fast
VLSI implementation of soft computing applications.
These techniques have shown that controlled
approximation can be used to get a useful gain in
arithmetic efficiency without sacrificing significant
accuracy in the computation.

Han and Orshansky [14] also pointed out that
approximate computing is an effective solution for the
tradeoff between computational accuracy and
hardware efficiency in energy limited digital systems.
Venkataramani et al. [15] suggested programmable
approximate architectures that can dynamically trade-
off accuracy of Arithmetic and computational
performance. These works together very clearly
showed the increasing significance of approximation
techniques in contemporary designs of arithmetic
accelerators.

In the literature, also a few implementations of
floating-point arithmetic using FPGAs have been
reported. Bhardwaj and Mane [13] used IEEE754
floating point adder on FPGA platform and showed its
effectiveness for accelerating the floating point
arithmetic in hardware. Usselmann [12] suggested an
open-source IEEE floating point arithmetic unit, that
provides standard floating point operation support for
FPGA systems. Most existing FPGA implementations,
however, are mainly oriented to the correctness of the
computation and not to efficient approximation of the
function and simple normalization strategies which are
hardware-friendly.

However, current architectures still have problems of
complexity of the normalizing function, propagation
delay, large area usage and monotonicity preservation.
Numerous approximate arithmetic architectures suffer
from monotonicity violations, leading to numerical
instability and unpredictable arithmetic behavior of
iterative computation systems.

The proposed work aim to overcome these limitations
by proposing a pipelined carry preserving approximate
floating point accumulation architecture for a single
stage normalization. The proposed design is different
from the conventional sequential floating point adders
because of the simultaneous accumulation of four
operands by adopting a parallel carry-preserving adder
tree. In addition, the proposed normalization method
has a significantly lower hardware overhead compared
to maintaining the IEEE754 behavior while keeping it
near-monotonic. The synthesis results on the FPGA
shows that the architecture provides very high
arithmetic throughput and very low area utilization
with only 334 ALMs and 25 registers on a Cyclone V
FPGA device

III. PROPOSED ARCHITECTURE
The proposed architecture aims to provide high-
speed floating point accumulation whilst maintaining
as low an overall complexity of the hardware as
possible, and as efficient as possible in terms of FPGA
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usage. The architecture implements a carry-preserving
parallel accumulation approach and lightweight
normalization technique to add four IEEE754 single
precision FP operands simultaneously. The goal of the
overall design is to minimize carry propagation delay,
reduce the normalization overhead, maintain near-
monotonic  arithmetic operations, and increase
throughput by executing the operation in a pipelined
fashion. The whole architecture is composed of the
following components: exponent extraction, exponent
comparison, mantissa alignment, carry-preserving
parallel adder tree, pipeline register stage, simplified
normalization unit, and rounding circuitry. The
arithmetic stage is designed to minimize FPGA
resources consumption and minimize combinational
delay.

First the exp fields of all the operands of the floating
point operations are extracted and passed to the
exponent comparison module. This module finds the
highest order of all the operands given as inputs with
parallel comparator logic. The maximum exponent is
used as the reference exponent for alignment of
mantissa. The remaining operands are then compared
to the reference exponent and the difference(s)
calculated, which determines how many right-shift
operations are necessary. The mantissa alignment
module shifts the mantissas to the right, if necessary,
based on the calculated difference in exponents. When
floating point numbers are used, the alignment of
mantissa allows all floating number to be represented
in the same exponent prior to arithmetic accumulation.
The FPGA synthesis results showed that the biggest
hardware overhead in the proposed architecture is the
alignment of mantissa, which is caused by the use of
barrel shifting structures and multiplexing circuitry.

Once aligned, the mantissas go to the carry
preserving parallel adder tree for processing. This is the
main contribution of the work proposed for this
module. The proposed architecture is suitable for
simultaneous multi-operand accumulation rather than
the sequential addition of operands that is implemented
in the conventional architecture. The aligned mantissas
are processed in pairs and the processing is realized
through compressor-based accumulation logic with
separate storage of the carry information during
intermediate processing steps. Because the carry
propagation is delayed to the last arithmetic stage, the
critical path delay is greatly minimized.

The final carry-propagating adder is used to
combine the intermediate sum and carry vectors that
were generated by the adder tree to form the final
accumulated result. This stage can be enhanced with
carry-lookahead arithmetic structures to provide better
arithmetic performance.

A pipeline register stage is added to the
accumulation stage and normalization stage to increase
throughput and operating frequency. Arithmetic
operation is separated into independent timing stages in
the pipeline registers, thereby minimizing the
combinational delay[9] and allowing the temporal
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parallelism. The design follows standard synchronous
digital design principles [9] while employing
pipelining techniques to achieve temporal parallelism
and higher throughput, as discussed by Hennessy and
Patterson [8].

For the normalization stage, a simplified single
stage normalization method is used instead of
complicated iterative normalization methods used in
traditional IEEE754 adders. The lightweight
normalization module reduces hardware complexity
without affecting the arithmetic behavior in a non-near-
monotonic manner. Quartus synthesis results suggest
the normalization module requires only a small
hardware overhead, around 0.5 ALMs. This
observation confirms the effectiveness of the simple
normalization method proposed.

Ultimately, the rounding unit formats the number in
IEEE754, and outputs the final single-precision
floating point number. A new architecture was
synthesized using Verilog HDL and Intel Quartus
Prime[10], for a Cyclone V FPGA device..

A. Methodology
The pipelined parallel processing method proposed in
the floating point accumulation architecture is to
achieve the maximum arithmetic throughput and
reduce the complexity of hardware. The technique is a
mix of carry preserving arithmetic, approximate
normalization, and pipelined execution to achieve an
efficient balance of speed/area and numerical accuracy
. The Arduino operation starts with the decomposition
of the operands following IEEE754. The sign field
contains the sign of the 32-bit floating point operand
followed by the exponent field, and then the mantissa
field. The largest exponent of all operands is then
found in the exponent comparison stage. The
maximum exponent is chosen as the reference
exponent because it is required to represent the
exponents of floating point numbers.
The mantissa alignment stage calculates differences
of exponents and conditionally right shifts the
mantissa. This operation makes all operands have the
same exponent as a reference value. The matched
mantissas are shown as:

M _aligned = M x 2"(—AE)
where AE is the difference in the exponents of the
operands and reference.
The carry preserving parallel accumulation stage then
adds simultaneously all aligned mantissas. The
proposed design does not carry the carry bits through
the intermediate stages but stores them as intermediate
bits. This approach substantially decreases the
arithmetic depth and it will minimize the critical path
delay. The carry-preserving accumulation process can
be represented as:
S_total = S_intermediate + C_intermediate
where S intermediate and C_intermediate are
intermediate sum, and carry vectors produced by
accumulator logic implemented using a compressor.
To minimize combinational timing delay, a pipeline
register stage is added after the accumulation stage.

60



The pipeline method is a way of breaking the
arithmetic operations in several timing stages, so that
independent arithmetic operations can be performed
concurrently. Compared to fully combinational
sequential architectures, this will improve the
operating frequency and the throughput. An
approximate lightweight normalization technique is
used in the normalization stage. Normalization of
conventional floating point adders needs to be
performed by using multiple shift operations and
iterative leading-zero detection to get the correct
answer. These operations make hardware more
complex and cause a propagation delay to be greater.
The proposed architecture makes the normalization
task simple by employing a single-stage normalization
approach that is of reduced complexity. Near-
monotonic arithmetic behaviour is maintained at the
expense of a small approximation error, but FPGA
resources are significantly lowered.

IV. RESULT AND DISCUSSION

On the Cyclone V FPGA device, Intel Quartus Prime
Lite Edition was used to successfully synthesize the
proposed architecture. The experimental result shows
that the proposed architecture is able to meet high
arithmetic performance while using very small
hardware resources.

The entire design only requires 334 Adaptive Logic
Modules (ALMs), which is less than 1% of the FPGA
resources used in the targeted device. The architecture
also needs just 25 registers, showing a very efficient
pipelined implementation.

As per the synthesis report, the mantissa alignment
stage has the maximum hardware overhead in the
overall design. The logic for shifting and computing
exponent difference in each mantissa alignment
module uses about 67-69 ALMs. By comparison, the

simplified normalization strategy only requires 0.5
ALMs for the normalization module, which shows the
success of the simplified normalization approach.

The carry-preserving adder tree has the excellent
property of minimizing the propagation delay due to
carries, which allows for a significant increase in the
arithmetic throughput. Pipelined execution allows
higher operating frequency and allows temporal
parallelism. Based on timing analysis, the proposed
design can be used to operate at a high speed and has
stable arithmetic properties.

The simulation results validate the architecture and
show that the architecture remains monotonic when
the operand data values are increasing. The error of
approximation is still relatively small for most of the
test cases, as revealed by the error analysis. The
proposed design thus obtains a practical balance
between the efficiency and the arithmetic accuracy.
The FPGA synthesis results are summarized in Table
I. The proposed architecture utilizes only 334 ALMs
and 25 registers, occupying less than 1% of the
Cyclone V FPGA resources. No DSP blocks, PLLs, or
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on-chip memory are required, demonstrating the
hardware efficiency of the design.

TABLE 1. FPGA RESOURCE UTILIZATION
Parameter Value
FPGA Device Cyclone V
Total ALMs
Used 334
FPGA
Utilization < 1%
Registers Used 25
Total Pins 161
PLL Usage 0
DSP Blocks 0
Block Memory 0
Bits
TABLE II. MODULE-WISE ALM UTILIZATION
Module ALMs
Used
Exponent 25
Comparison

Mantissa Align 1 67.5

Mantissa Align 2 69

Mantissa Align 3 68.5

Mantissa Align 4 62

Adder Tree 23
Pipeline Register 6.5

Normalize 0.5
Nonmono

Table II presents the ALM utilization of individual
modules. The mantissa alignment units consume the
highest resources, while the proposed Normalize
Nonmono module requires only 0.5 ALMs,
confirming the effectiveness of the lightweight single-
stage normalization approach.

As shown in Table III, the proposed architecture
achieves lower latency and higher throughput than
conventional IEEE 754 adders while maintaining
monotonic behavior. This demonstrates an effective
trade-off between hardware efficiency, computational
performance, and numerical accuracy.

TABLE III. PERFORMANCE COMPARISON
Architect |Laten |Through |Accuracy Monotonic
ure cy put ity
Sequentia | High | Low Exact Yes

1

IEEE754

Adder

Parallel |Mediu| Medium | Near Yes
Monotoni m Exact

¢ Adder
Proposed | Low | High |Approxim{Maintained|
Approxi ate
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Architect
ure

V. CONCLUSION

This paper proposed the architecture of carry-
preserving pipelined floating point adder architecture
which has a simplified normalization process for the
FPGA based arithmetic acceleration. The design will
be a mixture of parallel accumulation, pipelined
execution, approximate arithmetic and light weight
normalization to achieve high throughput with
minimum hardware. The experimental results indicate
that the proposed architecture uses less than 1% of the
resources of the FPGA while retaining the arithmetic
monotonicity. The normalization strategy is
simplified, hence the hardware utilization for
normalization is very low.An efficient balance
between computational accuracy, throughput and
FPGA area efficiency is obtained. Hence, the proposed
architecture is very well suited for high speed signal
processing, approximate computing accelerators,
machine learning systems and arithmetic processors
based on FPGAs. Future work could include
expansion of the architecture for double precision
arithmetic, adaptive approximation control and ASIC
level low-power optimization.
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