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Abstract—This paper presents an FPGA-based 32-parallel 1
million-point fast Fourier transform (FFT) architecture. The
proposed implementation achieves a throughput of 12.8 GSps
and a latency of 84.9 µs becoming the fastest 1 million-point
FFT in literature that fits in a single FPGA. Additionally, the
modular design based on computing several sub-FFTs simpli-
fies the architecture and facilitates the design, implementation,
debugging, and maintenance of the proposed circuit.

Index Terms—FFT, MDC, FPGA, parallel, pipeline, high
throughput, radix-32

I. INTRODUCTION

The fast Fourier transform (FFT) is a signal processing
algorithm widely used in various fields such as telecommu-
nications [1] or radio astronomy [2]–[4]. Traditionally, ultra-
long FFT implementations, such as 1 million-point FFTs, face
significant challenges due to their computational complexity
and memory requirements. As the demand for high-resolution
signal processing increases, so does the need for FFT archi-
tectures that can handle such an amount of data efficiently.

The works in [5], [6] proposed sparse FFT architectures of
1 million points and 0.75 million points, respectively. Sparse
FFTs are useful in applications where the energy is concen-
trated in a few frequencies and the rest is noise. However, they
are not suitable for applications where a complete analysis
of the spectrum is required. The work in [7] proposed a
128 to 1 million-point reconfigurable FFT architecture on
ASIC. This architecture uses external memory and is based
on an iterative computation using a reconfigurable radix-2/4/8
butterfly. In [8], several interconnected field-programmable
gate arrays (FPGAs) were used to compute the 1 million-
point FFT. The first implementation of a 1 million-point FFT
architecture in a single FPGA without using external memories
was proposed in [9]. This was a serial FFT architecture and
achieved a throughput of 233 MSps. However, by searching
the literature, no previous work proposed a highly parallel 1
million-point FFT architecture in a single FPGA without the
use of external memories.

In this paper, we propose a 32-parallel 1 million-point
FFT architecture, which is capable of achieving very high
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Fig. 1. 16-point FFT flowgraph.

throughput and fits on a single FPGA. Throughout the pa-
per, we explain the design methodology used to address the
design complexity of the 1 million-point FFT. We detail the
implementation of the high-precision rotators required in the
architecture and explain the memory management used to
store the rotation coefficients and the data reordering. We
also explain the optimization techniques used to increase the
throughput of the implementation.

This paper is organized as follows. In Section 2 we review
the FFT algorithm, fully parallel FFT architectures, and key
FPGA elements such as the DSP slices and memory resources,
which are critical in the proposed design. Section 3 describes
the proposed architecture. From the methodology used in its
design to the implementation details that made it possible
to implement the FFT in the FPGA. Section 4 presents the
experimental results. Section 5 compares the proposed FFT ar-
chitecture with previous 1 million-point FFT implementations.
Finally, Section 6 presents the conclusions of this paper.This is a preprint document. To cite the work or retrieve its final Open
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II. BACKGROUND

A. The FFT Algorithm

The N -point discrete Fourier transform (DFT) of an input
sequence x[n] is defined as

X[k] =

N−1∑
n=0

x[n]Wnk
N , k = 0, 1..., N − 1, (1)

where Wnk
N = e−j 2π

N nk.
The fast Fourier transform is the name given to the algo-

rithms that allow to compute the DFT reducing its computa-
tional cost. The most popular FFT algorithm is the Cooley-
Tukey algorithm [10]. This algorithm is based on decomposing
the initial DFT into 2-point DFTs. This decomposition adds
rotations between each pair of 2-point DFTs.

Fig. 1 represents the flow graph of a 16-point FFT. Each
stage computes N/2 2-point DFTs, also called radix-2 but-
terflies. The numbers between the stages (ϕ) represent the
rotations that must be computed between two 2-point DFTs.
The rotation angle is computed as α = − 2π

N ϕ. The numbers at
the input of the flow graph represent the index n of the input
sequence, whereas the numbers at the output are the index k
of the output frequencies.

B. Fully Parallel FFTs

Several FFT hardware architectures have been proposed
over the years [11]. Different architecture types aim to provide
different tradeoffs between resource utilization, throughput,
and latency.

The fully parallel FFT is a type of FFT architecture obtained
as the direct implementation of the flow graphs. This type of
architecture is characterized by having a parallelization equal
to the number of inputs, i.e., N = P , which is the maximum
parallelization possible. Thus, these architectures can achieve
very high throughput in the range of GSps and low latency.

This type of architecture was explored in [12], where FFT
architectures from 8 to 256 points were presented, obtain-
ing the fastest FFT architectures so far. These architectures
were implemented using an automatic generator based on
FloPoCo [13], which is an open-source generator of arithmetic
cores for FPGA.

C. DSP slices

The DSP slices [14], [15] are the modules dedicated to
computing arithmetic operations in AMD (Xilinx) FPGAs. The
DSP slice can compute operations of the type

P = ±[(D ±A) ·B ± C], (2)

where P is the output port of the DSP slice and A, B, C,
and D are inputs of different widths. The width of some ports
differs depending on the FPGA family.

DSP slices include several pipeline registers which allow
them to work at very high clock frequencies.

D. Memories
In AMD (Xilinx) FPGA devices, the main memory ele-

ments are called block RAMs [16]. Block RAMs are 36 Kb
memories. These memories have two write and two read ports
of 36 bits each. Each pair of write and read ports can use
an independent clock. The input of the block RAMs can be
configured as 1, 2, 4, 9, 18, 36, or 72 bits wide depending on
the necessities of the design, adjusting the depth based on the
selected port width. Block RAMs can also be initialized.

Since the ultrascale architecture, AMD FPGAs include
a new type of memory called UltraRAM. UltraRAMs are
288 Kb memories. UltraRAMs are larger compared to block
RAMs, but also less versatile. UltraRAMs have two read and
two write ports, but all of them share the same clock. The port
width is 72 bits and can not be configured. Thus, the size of
the UltraRAMs is 288 Kb = 4 Kb×72. Since UltraRAMs are
larger than block RAMs, they require more pipeline stages to
work at high clock frequencies, resulting in larger latency for
read and write operations. Additionally, UltraRAMs can not
be initialized.

III. PROPOSED 1 MILLION-POINT FFT
A. Building the Architecture

Based on the Cooley-Tukey algorithm [10], an N -point DFT
can be decomposed into smaller DFTs. According to it, a 220-
point FFT can be computed as 2 consecutive 1024-point FFTs,
with additional rotations between both FFTs. Again, we can
apply the Cooley-Tukey algorithm to decompose the partial
1024-point FFTs. This concept is the base of the proposed
1 million-point architecture. Fig. 2 represents the proposed
architecture. It is composed of two 1024-point FFTs. Circuits
for reordering the data and rotators are required between
the both FFTs. In Fig. 2 both 1024-point FFTs are marked
with dotted boxes. The permutation circuits are represented
as boxes named Matrix transposition. The size of the matrix
to be transposed is also indicated. The rotators are denoted
with (⊗). These rotators use the coefficients stored in ROM
memories and the data samples from previous stages of the
FFT as input.

Each 1024-point FFT is designed using the same method:
it is implemented as two 32-point FFTs with circuits for
reordering the data and computing the rotations between the
sub-FFTs. The 32-point FFTs are one of the fully parallel FFT
cores provided in [12], which processes 32 data in parallel.
The proposed 1 million-point architecture uses 4 instances of
this core in total. These 32-point FFTs are denoted as R32
in Fig 2.

This design methodology simplifies the design, implemen-
tation, and maintenance of extremely large FFTs as the one
proposed in this work, since a large part of the code is reused.
Note that the 32-point FFTs are used 4 times and both 1024-
point FFTs are exactly the same circuit.

The two main challenges of this design are the memory
utilization for the implementation of the data reordering cir-
cuits and coefficient memories, and to achieve the precision
required in the rotations.
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Fig. 2. Proposed 32-parallel 1 million-point FFT architecture.
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Fig. 3. General rotator for extended coefficient word length.

B. Rotations

Inside each 32-point FFT in the architecture, several ro-
tations are computed. Since the 32-point FFT is a fully
parallel implementation, these rotations can be implemented
with single-constant multipliers (SCM) [17], [18]. This type
of multiplier uses shift-and-add techniques instead of using
real multipliers saving FPGA resources.

Inside the 1024-point FFTs, a stage of rotations is required
between the two 32-point FFTs. These rotations are not
constant, i.e., a rotation by a different angle is computed every
clock cycle. Therefore, a general rotator per branch is used
instead of single-constant multipliers. The implementation of
these complex multipliers is the high-throughput implementa-

tion with three DSP slices proposed in [19].

Between the two 1024-point FFTs, another stage of rotations
is required. This stage also requires 32 general rotators, one
per parallel branch. However, the same implementation used
inside the 1024-point FFTs is not suitable. The rotation angles
at this stage are obtained by dividing the circumference in
220 parts. The complex multipliers proposed in [19] have a
maximum word length of 18 bits for each input. Therefore, to
compute the 220-point FFT with accuracy, we need a higher
resolution in these rotations.

Using a CORDIC rotator [20], [21] has been discarded
since the truncations computed at the CORDIC stages limit
the accuracy achievable by this type of rotator

Fig. 3 presents the rotator designed to compute the rotations
between the 1024-point FFTs. This rotator is based on the
high-throughput complex rotator in [19]. The DSP slices are
marked with dotted boxes and the name of the model, which
is DSP48E2. Only the used operators and pipeline registers
are drawn in the figure for clarity. The elements implemented
using the CLBs of the FPGA are denoted as FPGA fabric, and
marked with a dotted box. Note that the output of the upper
DSP slice is connected to the two lower DSP slices. For clarity,
this connection is denoted with the label PART PROD.

The DSP slices in AMD (Xilinx) FPGAs have 25x18 [14]
or 27x18 [15] multipliers, depending on the FPGA family. The
18-bit wide port is an input directly to the multiplier, while the
larger ports come from the pre-adder. In the high-throughput
implementation in [19], the upper DSP uses the pre-adder to
compute x minus y and requires the coefficient S to be input at
the 18-bit port. We have modified this rotator, computing this
subtraction outside the DSP slice, using the logic resources of
the FPGA. Then, the result of this subtraction can be input at
the 18-bit port, directly to the multiplier, and the coefficient
S can be input at the larger port, bypassing the pre-ader. This
modification allows to use rotation coefficients of up to 25 or
27 bits, depending on the FPGA family, which takes advantage
of the structure of the DSP slices and improves the precision of
the rotations without increasing largely the resource utilization.

In this design, we use 20 bits to represent the rotation
coefficients for the rotators between the two 1024-point FFTs,
as a tradeoff between accuracy and memory utilization.



Memory banktime

branch
Parallel

...

... ......
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C. Data Reordering Circuits

There are two different circuits for data reordering in
the proposed architecture. Both compute matrix transposi-
tions [22], [23] but for different matrix sizes. Fig. 4 shows
an example of the computation of a matrix transposition. Data
samples arrive in parallel as columns to the memory bank.
When enough columns are stored to fulfill a complete row, it
is read from the memory bank and used as input to the next
stages of the FFT.

In the 1024-point FFT, we compute a matrix transposition
of 32 by 32. Since the proposed architecture has 32 parallel
branches and data is processed in pipeline, samples are stored
in memories for 32 clock cycles by columns and then read by
rows of the matrix.

Thus, we require enough memory to store 1024 complex
samples with a word length of 16 bits for each real and
imaginary parts. Therefore, the memory that is required is

MT32x32 = 32 · 32 · 2 · 16 = 32 Kb. (3)

This matrix transposition circuit is replicated twice in the
architecture, once in each of the two 1024-point FFTs.

Between the two 1024-point FFTs we implement a 1024
by 1024 matrix transposition. Thus, we are required to store
1024 · 1024 complex samples. Thus, the memory required is
computed as

MT1024x1024 = 1024 · 1024 · 2 · 16 = 32 Mb. (4)

It can be observed that the 1024 by 1024 matrix transpo-
sition requires 1024 times more memory than the 32 by 32
matrix transposition.

D. Memory Utilization

As explained in Section III-C, the matrix transposition
circuit between the two 1024-point FFTs requires a large
amount of memory. The rotation coefficients also need to be
stored in memories. For the rotations between the two 1024-
point FFTs, which have a word length of 20 bits for the
coefficients, 220 · 2 · 20 = 40 Mb of memory are required.
Adding the memory required for the matrix transposition plus
the memory required for storing the coefficients, a total of
72 Mb of memory are required. Block RAMs are usually
preferred because they are more versatile and have lower
latency. In this design, 3584 block RAMs would be needed for
the 1024 by 1024 matrix transposition and the storage of the
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Fig. 5. Additional pipelining stages to reduce the length of interconnection
nets.

TABLE I
EXPERIMENTAL RESULTS OF THE PROPOSED 32-PARALLEL 1

MILLION-POINT FFT

Parameter Value
N 220

P 32
Data WL 16
Coef. WL 20

FPGA xcvu37p
fCLK (MHz) 400

Th (GS/s) 12.8
FFTs/s 12207

Latency (clock cycles) 33947
Latency (µs) 84.9

P (W) 18.9
SQNR (dB) 28.4

Resource Used Total Utilization
BRAM 1286 2016 63.8%
URAM 120 960 12.5%

DSP slices 288 9024 3.2%
LUTs 74859 1303680 5.7%

LUTRAMs 13525 600960 2.25%
FFs 1233360 2607360 4.73%

CLBs 19476 162960 11.9%

rotation coefficients of the middle rotator. The target FPGA of
this design (XCVU37P) contains a total of 2016 Block RAMs.
Therefore, since the device does not have enough block RAMs,
we use UltraRAM as well. Since UltraRAMs can not be
initialized, they can not be used to store rotation coefficients.
Thus, block RAMs are used to store rotation coefficients and
the matrix transpositions of 32 by 32, whereas UltraRAMs are
used for the 1024 by 1024 matrix transposition.

E. Implementation Optimizations

In small designs, it is usually assumed that the delay of a
circuit is caused mainly by the logic delay. Designers place
pipeline registers dividing large combinational circuits into
smaller ones to achieve higher clock frequencies and the
interconection delays are often depreciated.

In large designs, such as this one, the place and route is
a difficult task. Block RAMs, UltraRAMs, and DSP slices
are placed in columns inside the FPGA and sometimes, due
to the nature of the circuit designed it is not possible to
place the elements close enough to each other. This results
in large interconnect delays, sometimes larger than the logic
delays. This is the case of this design, where a huge amount
of memory resources are used. These memory resources are
connected, mainly, to a small amount of DSP slices or other
circuits, such as counters used to generate the read and write
addresses of the memories. To ease the work for the place and
route tool, two design techniques have been used.



TABLE II
COMPARISON OF VERY-LONG FFT ARCHITECTURE.

Parameter [5] [6] [7] [24] [9] Proposed
FFT Type Sparse FFT Sparse FFT Memory-based Pipelined Pipelined Pipelined
N 220 36 · 210 220 216 220 220

P - - 2/4/8 32 1 32
Word length (data) 32 12 32 16 16 - 31 16
Word length (coeficients) 32 12 32 16 16 - 31 20
Technology Virtex 6 ASIC (45nm) ASIC (40nm) Virtex 6 Virtex US+ Virtex US+
Clock frequency (MHz) 100 1500 500 143 233 400
Throughput (GSps) 0.86 109.20 0.07 4.58 0.23 12.80
FFTs/s 860 146283 67 69885 222 12207
Latency (cycles) 138646 - 7400000 2098 ≥ 220 33947
Latency (us) 1160 - 14800 14.67 4290 84.9
P (W) - 0.17 - - 3.44 18.9
SQNR (dB) - - - - 95.6 28.4

First, critical circuits have been replicated, e.g., the counters
used to generate the write and read addresses of the memories
have been replicated so that each replicated counter can be
placed closer to a group of memories, reducing the net delays.

Second, additional pipeline registers have been added to
the critical interconnection nets. Fig. 5 shows how pipeline
registers can be placed in the middle of a long net dividing
it into several shorter nets, resulting in lower interconnection
delays. We have identified two critical paths. First, the nets
between the UltraRAMs in the 1024 by 1024 matrix transpo-
sition circuit and DSP slices in the adjacent rotators. Second,
between the block RAMs containing the rotation coefficients
of the rotators between the two 1024-point FFTs and the DSP
slices in these rotators.

IV. EXPERIMENTAL RESULTS

Table I shows the experimental results for the proposed
32-parallel 1 million-point FFT architecture. The proposed
design has been implemented using VHDL. The experimental
results have been obtained using Vivado 2020.2 and the target
device is the AMD (Xilinx) Virtex Ultrascale+ XCVU37P-
L2FSVH2892E FPGA.

Data samples are represented with 16 + 16 bits using two’s
complement representation. 20 + 20 bits and two’s comple-
ment representation are used for the rotation coefficients at
the rotators between the two 1024-point FFTs, which are the
ones that require more precision. 16 bits are used for other
rotation coefficients along the architecture.

The proposed implementation achieves a maximum clock
frequency of 400 MHz, thanks to the optimization techniques
detailed in Section III-E. This clock frequency results in
a throughput of 12.8 GSps and allows to compute 112207
1 million-point FFTs every second.

The latency of an FFT computation is 33947 clock cycles,
which results in 84.9 µs at a clock frequency of 400 MHz. In
an FFT computation, the first datum can be output once every
data is input to the architecture. Thus, the theoretical minimum
latency in a 32-parallel 1 million-point FFT is 220/32 = 32768
clock cycles. The additional latency in the architecture is
due to the deep pipelining, which allows to obtain the clock
frequency of 400 MHz.

The dynamic power consumption of the design has been
computed with the power analysis tool embedded in Vivado
2020.2 assigning a toggle rate of 50%, obtaining a value of
18.9 W.

The SQNR has been measured according to [25]. First, a
random signal is generated. This signal is input both to the
VHDL test bench and to a Python script. The Python script
computes the FFT using the NumPy library [26], which is
used as a reference to compute the SQNR. Then, after the
simulation is completed, the SQNR is computed as:

SQNR = 10 log10

∑
(|yreference| − |ysimulation|)2∑

|yreference|2
, (5)

where yreference is the result of the FFT computed in Python
and ysimulation is the result of the simulation of the proposed
architecture. The obtained SQNR is 28.4 dB.

About the resource utilization, it can be observed that the
critical resource in the architecture is the memory. More than
60% of block RAMs and 10% of UltraRAMs are required.
The utilization of logic and arithmetic resources is much lower
in comparison. Between 2% and 6% of utilization for LUTs
and Flip Flops and 3.2% for DSP slices are required in the
architecture.

V. COMPARISON

Table II compares the proposed FFT architecture with
previous 1 million-point FFT architectures and other long FFT
architectures. It can be observed that the proposed architecture
obtains the highest throughput among FPGA implementa-
tions, with 12.8 GSps. Also, only one of the other FPGA
implementations obtains a throughput above 1 GSps. This
is due to the high parallelization and the deep pipelining
implemented in the architecture. The implementation in [6]
obtains a higher throughput. However, this implementation
uses ASIC technology, which allows to obtain higher clock
frequency. Additionally, the implementation in [6] uses a
sparse FFT algorithm, instead of the conventional FFT. This
algorithm do not compute all the FFT outputs which allows
to simplify the computations but can only be used on sparse
signals. The proposed implementation also achieves the lowest



latency both in clock cycles and microseconds among 220-
point FFTs, which is 4 times lower than the next lowest latency
reported [5]. The implementation proposed in [9] is the only
other pipelined 1 million-point FFT implemented in FPGA
found in the literature and uses the same FPGA device as the
proposed implementation. It can be observed how the increase
of the parallelization and the deeper pipelining improves the
throughput by more than 55 times and latency by more than
50 times, at the cost of increasing the power consumption.
Additionally, [9] increases the word length of the data at each
stage, which results in a significantly higher SQNR. When the
word length is not increased after each stage, a truncation is
computed to avoid overflow. Thus, increasing the word length
inside of the FFT architecture allows to obtain higher SQNR
values. However, this also increases the resource utilization.
Additionally, it affects the modularity of the design, which is
one of the key points of the proposed architecture.

VI. CONCLUSIONS

In this work, a high-throughput 1 million-point FFT ar-
chitecture is proposed. The design is characterized by its
modularity. This eases the design of such complex circuits and
improves their maintenance. We have detailed the design of the
rotators and the memory management required to fit in a single
FPGA the rotation coefficients and the matrix transposition
circuits without using external memories. We also provided
the optimization details used to improve the throughout of the
architecture.

The resulting architecture achieves the highest throughput
and lowest latency among previous FPGA-based 1 million-
point FFT implementations in literature while maintaining rea-
sonable resource utilization, power consumption, and SQNR.
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