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Abstract— This paper presents the design and verification of a
pipelined FFT system optimized for area and delay in DSP
applications. The pipelined structure enhances throughput and
minimizes processing time, while optimization techniques reduce
area and resource usage. The design balances computational
complexity with hardware resources to minimize delay without
sacrificing performance. Implemented in System Verilog and
verified via ModelSim, the system was synthesized on a Xilinx
Spartan-3 FPGA. Results show a significant reduction in area
and delay compared to traditional FFT implementations,
validating the approach for real-time DSP applications.
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I.INTRODUCTION

Fast Fourier Transform (FFT) is a crucial operation in wireless
communication applications such as Orthogonal Frequency
Division Multiplexing (OFDM), Ultra-Wideband (UWB), DVB-
T, and signal processing tasks. In particular, pipelined FFT
architectures like Single Path Delay Feedback (SDF) and Multi-
Path Delay Commutator (MDC) are widely used. Many
applications, including image processing, array signal
processing, and MIMO OFDM, require simultaneous processing
of multiple data streams, necessitating multiple FFT operations
and dedicated bit reversal circuits to organize the output in
natural order.

While there are FFT architectures that can handle multiple
independent data streams using a single FFT processor, the
primary challenge has been minimizing the number of operations
required for efficient computation. Since Cooley and Tukey's
groundbreaking work, which demonstrated that FFT can
drastically reduce the computational cost of Discrete Fourier
Transform (DFT), researchers have focused on optimizing FFT
algorithms  for  various  applications and  hardware
implementations. DFT computational complexity grows
quadratically with transform length, making it expensive for
large data sizes (N). Fast DFT computation algorithms, based on
the

The most common application for programmable DS

Cooley-Tukey, split-radix, and Winograd Fourier Transform
(WFTA) have emerged to address this. divide-and-conquer
approach, break down a large problem into smaller, manageable
subproblems. Well-known algorithms such as Cooley-Tukey,
split-radix, and Winograd Fourier Transform (WFTA) have
emerged to address this.
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Fig. 1. Brain of DSP(Digital Signal Processor)

A) Applications of Analog to Digital Converter
B) Fast Fourier Transform

The DFT is to be computed quickly, that is, with fewer
resources, using the FFT, a digital signal processing and
communication technique. From a mathematical and circuit
perspective, computing the FFT is more efficient than
computing the DFT directly because the length of the DFT is

Many implementations process independent data streams
sequentially, and while some handle up to eight data streams, they
often do not produce outputs in parallel. To process data streams
simultaneously, multiple FFT processors are required. In some
WLAN applications, multiple data streams are interleaved and
processed using multiple data paths, but bit reversal circuits are not
integrated, leading to the need for additional circuitry to reorder the
output.

Recent studies have proposed integrated bit reversal circuits that
reduce register complexity, such as designs where the total register
requirement drops from 5N/2 to 2N. However, pipelined FFT
architectures with parallel processing often require extra registers to
output data in natural order. Some architectures operate at half the
incoming sample rate, thus doubling throughput but also requiring
more complex data scheduling.

In conclusion, many recent FFT architectures require bit reversal
structures to generate outputs in natural order, though these structures
often involve trade-offs in register complexity, throughput, and
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hardware utilization. Optimizing these aspects is critical for
achieving efficient and high-performance FFT processing in
modern communication and signal processing applications.

memory  Implementing CCSSI  (combined coefficient
selection and shift-and-add implementation) in [1] allows for
a decrease in rotators. The demand for programmable DSP
processors grows by 35-40% annually. Data transfer and
cellular telephony are two important applications for DSPs.

e Applications in general-purpose computing, voice
and speech processing, graphics and imaging,
control and instrumentation, military use,
consumer and industrial use, automotive and
medical use, and telecommunications use

This essay has the following format: Section Il
discusses FFT and IFFT. Section Il addresses literature
reviews. Section 1V describes the current system. Section V
describes the proposed system in detail. Section V
concludes the paper.

The Fast Fourier Transform (FFT) is a critical
algorithm in digital signal processing, especially for
applications requiring high performance, such as digital
communications, radio astronomy, and medical imaging.
Hardware designers aim to implement efficient architectures
to meet real-time, high-throughput requirements. Pipelined
architectures, which offer high throughput, low latency, and
low area and power consumption, are commonly used for
FFT computation. These architectures are categorized into
feedback (FB), feed-forward (FF), and serial commutator
(SC) designs.

1. Feedback Architectures: These involve feedback
loops where some outputs are fed back into
memories at the same stage. Feedback architectures
can be divided into:

o Single-path Delay Feedback (SDF):
Processes one sample per clock cycle.

o Multi-path Delay Feedback (MDF):
Processes multiple samples in parallel.

2. Feed-forward Architectures: These architectures,
such as Multi-path Delay Commutator (MDC), do
not have feedback loops and pass processed data to
the next stage. They can process multiple samples in
parallel.

3. Serial Commutator (SC) Architectures: These
architectures handle serial or parallel data with
circuits for bit-dimension permutation, allowing
continuous data flow.

Among these, feedback architectures like SDF and
MDF are preferred for their efficiency in memory
utilization. Radix-272, a variant of radix-2 and radix-4,
offers simpler butterfly operations and similar multiplicative
complexity, making it attractive for DSP implementation.
FPGA-based solutions have become increasingly viable for
real-time applications, offering high throughput in the range
of GSamples/s.

Two primary challenges in high-throughput FFT
computation are:

1. Handling multiple independent data sequences:
Sharing rotation memory between FFT processors
helps reduce hardware requirements.

2. Processing multiple parallel samples: When

throughput exceeds the clock frequency, parallel FFT
architectures are required.

Parallel feedback architectures have gained popularity
recently, while MDC architectures have received less attention.
Radix-2”2 and other higher radix systems (e.g., radix-23, radix-
274) simplify complex multiplications, making them efficient for
parallel processing in modern FPGA-based implementations

Radix-27k and Higher Radices FFT Architectures for
High Throughput

Radix-2°k  SDF  (Single-Path  Delay = Feedback)
architectures have been extensively explored, with a notable shift
towards the MDF (Multiple-Delay Feedback) structure to meet
the high throughput requirements, integrating multiple SDF paths
in parallel. However, radix-2"k feedforward FFT architectures
were not considered until recently when radix-2"2 feedforward
FFTs emerged.

The recent advancements in FFT complexity reduction
focus on the radix-r butterfly computation. These architectures
use parallel complex multipliers and adders to minimize critical
path delays. The concept of radix-r FFTs includes engines with
identical structures, enabling efficient multiplier access. Another
strategy uses radix-2a or 48 representations, utilizing symmetry
and periodicity of root unity to reduce the multiplier memory
accesses, improving hardware efficiency.

A key innovation is the multiplexed 2a or 44 butterfly
structures. These reduce the required resources—complex
multipliers and adders—while maintaining throughput and speed
comparable to existing structures. The operation of a radix-r
butterfly element (PE) involves combining r inputs into r
outputs via a butterfly matrix BrB_rBr, which can be represented
for the Decimation in Frequency (DIF) and Decimation in Time
(DIT) processes.

In both processes, the butterfly matrix BrB_rBr is a
function of the twiddle factor matrix WNW_NWN, defined as:

. Br=WNTB_r = W_N~TBr=WNT for DIF
e Br=TrWNB_r=T_r W_NBr=TrWN for DIT

The adder tree matrix TrT_rTr is common for both algorithms, with the
only difference being the order of twiddle factor multiplication.
Implementing the adder tree for higher radix butterflies is challenging
due to the increased complexity in the critical path, requiring careful
handling of complex multiplications to ensure efficient VLSI
implementations.

The matrix TrT_rTr elements are defined by:

[Trlm=w|I-m-Nr|N[T_r_{l,m} = w_{\Ifloor \frac{l \cdot m \cdot
N}{r} \rfloor_N}Tr]l,m=w|rl-m-N|N

Where Il and mmm are indices, and the twiddle factor matrix
W(m,V,s)W(m, V, s)W(m,V,s) is defined as:

[WN]Lm(V,s)=diag(wN(0,V,s),wN(1,V,s),...,wN(r—1,V,s))[W_N] {l,
m}(V,s) = \text{diag}(w_N(O,V,s), w_N(1,V,s), \dots, w_N(r-
LV,s))[WN]l,m(V,s)=diag(WwN(0,V,s),wN(1,V,s),...,wN(r—1,V,s))

By optimizing the processing stages and leveraging efficient twiddle
factor access, these higher radix butterfly computations maintain low
resource utilization while achieving high throughput and speed in
comparison to previous architectures

Twiddle Factor and Adder Tree Structure in Radix-[1 FFT
Algorithms

In both radix-r Decimation-In-Frequency (DIF) and Decimation-In-
Time (DIT) FFT algorithms, the twiddle factor matrix, denoted as
WNW_NWN, is a diagonal matrix defined as:
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WN=diag(1,wNp,wN2p,...,.wN(r—1)p)W_N =
w_N~p, w_N~2p}, ... w_N{(r-1)p})WN=diag(1,wNp,wN2p
e WN(r—1)p)

where p=0,1,... Nrs—1p =0, 1, ..., \frac{N}{r"s} - 1p=0,1,...,rsN—1,
and s=0,1,...,.log/0ifN—-1s =0, 1, ..., \log_r N - 1s=0,1,....logrN—1.

The adder tree matrix, TrT_rTr, used in the butterfly structure, is
consistent across both DIF and DIT algorithms, with the primary
distinction being the computation order relative to the twiddle
factor multiplication. For higher radix implementations, direct
adder tree realization is inefficient due to increased complexity in

the critical path caused by additional complex multipliers.

The element in the £\ell¢-th row and mmm-th column of TrT _rTr

is given by:

[Tr]€,m=wN|tmNr|modN[T_r]_{\ell, m} = w_N~{left\Ifloor
\frac{\ell m N}Hr} \right\rfloor \bmod N} Tr]¢,m=wN|[r{mN
|modN

where ¢=0,1,..r—1\ell = 0, 1, .. r-1£=0,1,...,r—1, and

m=0,1,...,—1m =0, 1, ..., r-lm=0,1,...,r—1.

For stage-wise representation, the twiddle factor matrix at stage
sss, for word index V=0,1,...Nr—=1V = 0, 1, ..., \frac{N}H{r} -

1V=0,1,...,'N—1, is defined as:
[WN]C,m(V,s)=diag(wN(0,V,s),wN(1,V,s),...,.wN(r—1,V,s))[W_N]
_{\ell, m}(V, s) = text{diag}(w_N"{(O0, V, )}, w_NM(1, V, 9)},
v W_NM{(r-1, V, )D[WNL,m(V,s)=diag(wN(0,V,s),wN(1,V,s)
e WN(r—1,V,8))

This allows for stage-specific definition of WNW_NWN for both
DIF and DIT flows.

Il. LITERATURE SURVEY

In [1] describes a method for designing rotators with
multiplier-less constants that is based on a related selection of
coefficient along with shift-and-add execution. First, the
choice of the coefficients is made with complete freedom;
that is, there are no predetermined restrictions on the
coefficients, and all possible options are considered. Second,
the shift-and-add solution makes advantage of sophisticated
SCM and MCM techniques that result in a low-complexity
implementation. Finally, a  connect
optimization of coefficient selection with implementation of

multiplier-less

shift-and-add is used to create the rotators.

In [2] method for increasing the precision of rotations carried
out by complex multipliers is presented and it is placed on the
intricate  coefficients that define these rotations. This
techniqgue may use to achieve more precise rotation without
lengthening the term for the coefficient or shortening the
word without lengthening the rotation error. A method for
finding the optimal quantity that result in the lowest error is
presented. This succinctly written article examines two
distinct scenarios in which the optimization approach can be

used: rotations can be optimized alone and pack of rotations

\text{diag}(1,

that call for the parallel scaling. These scenarios occur in
significant signals algorithms like the distinct coordinates
transforms.

In [3] strategy for Extended Initial Angle Theorem (EEAS).
notion of an AR approach that Extends the base angle set in
the fine rotation phase. The suggested EEAS scheme offers a
more adaptable method of breaking If you lower the target

rotation angle in CORDIC mode, performs better than the AR
approach in terms of quantization error. In the meantime, we

have put out a brand-new search algorithm, known as the
trellis-based  search  algorithm (TBS), to address the
optimization issue that the EEAS scheme

algorithm produces an apparent improvement in the
guantization-noise ratio as compared to the greedy algorithm
employed in the traditional AR technique.

In [4] describes several parallel architectures for FFT cores
with great throughput and low power consumption. Several
hybrid low-power combinations are utilized to reduce power
consumption, including related pipelined architectures, which
displace the intricate multipliers in FFTs, founded on greater
interconnectivity, low-power commutators. The power and
sector performances of a variety of FFT cores are evaluated.

In [5] method For the past ten years, there has been
substantial study in the field of multiple constant
multiplications (MCM), which is the realization of multiple
constant multiplications using the fewest possible adders and
subtractors. To solve the MCM problem, a novel heuristic
influenced by various approaches is introduced using an
adder-graph type algorithm. It has been demonstrated that
under most circumstances, the outcomes are at least as good
as the previous state of the art.

1. EXISTING SYSTEM

This work explores the design space of approximate multipliers, such as
Truncated Multipliers, to assess their impact on energy savings and
error metrics in approximate FFT hardware. FFT architectures can
leverage various approximations, especially in the butterfly structure,
where the core arithmetic operations reside. By approximating the
multiplication and addition operations within the butterfly, it is possible
to simplify hardware, reducing circuit area, critical path size, and
energy consumption. These approximations typically focus on the least
significant bits (LSB), allowing controlled error introduction while
improving operating frequency. The
complexity of many systems, especially those with numerous
multipliers, can be reduced by accepting some level of error, lowering
circuit area and power dissipation. This study focuses on algorithm-
level approximations during multiplication to simplify system
complexity.
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IV. SUGGESTIVE SYSTEM

This project explores the design space of approximate multipliers, gated
such as Truncated Multipliers, to evaluate energy savings versus en clk
error metrics in FFT hardware. FFT architectures can incorporate S [ =

various approximations, with butterfly kernels being the key AND
structure for arithmetic operations. By approximating multiplication FF i

and addition in the butterfly structure, hardware simplifications can

reduce circuit area, critical path size, and energy consumption.

These approximations focus on the least significant bits (LSB), clk
allowing for controlled error introduction in decimal representation. |
This approach typically results in minimal error and higher

operating frequencies.
A) Algorithm and Advantages:
A unique multiplier-less pipelined unity-gain SDF FFT
algorithm

High efficiency, low complexity, and area reduction are
advantages.

B) Block diagram:
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Fig. 2. 16 — Point FET

Fig. 3. FlipFlop based clock gating

C) Software Requirements:

This research employs a pipelined FFT architecture to
construct 16 FFT and IFFT. The FPGA XC3S 200 TQ-144 is
used to carry out this design. using Verilog HDL. Modelsim
6.4.c is used to simulate it, and the Xilinx tool is used to
synthesize it. RTL and technology viewers will be generated
by the Synthesis Process. The Xpower Tool performs power
calculations.

D) Modification and Expected Output:

In order to obtain precise results and decrease delay, we
introduce the shifter approach and pipelined registers. Des ign
and simulation of the proposed designs for the two-point
FFT, four-point FFT, eight-point FFT, reverse unit, and how
it will locate the area Xilinx's recommended design from an
RTL.

Comparisons between suggested and conventional designs
based on area and delay parameters The System Verilog
Process performs the verification process.

V. CONCLUSION

This study proposes a VLSI architecture design for Fast Fourier
Transform (FFT) using arithmetic approximations. A novel
approximate multiplier is integrated into the radix-2 butterfly,
showing improved efficiency compared to previous designs. The
study explores the integration of approximate multipliers within
the DIF FFT butterfly at variousapproximation levels, revealing
a tradeoff between design quality and energy consumption.
Results demonstrate that the extended multiplier, with different
approximations, leads to significant energy savings. Simulation
and synthesis results, including area and delay analysis using
Xilinx tools, are presented, with clock gating techniques
employed to  further reduce power  consumption.
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