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Effectiveness of Fast Fourier Transform Implementations
on GPU and CPU

Abstract. In this paper, we present the results of comparison of the effectiveness of selected variants of radix-2 Fast Fourier Transform (FFT)
algorithms implemented on both Graphics (GPU) and Central (CPU) Processing Units. The considered algorithms differ in memory consumption and
the arrangement of data-flow paths which affects the global memory coalescing and cache memory exploitation. The obtained results allow to indicate
the variants of FFT algorithms which are best suited for GPU and CPU architectures, to confirm the advisability of GPU oriented calculations of FFT
and to formulate a guideline for implementations of fast algorithms of various linear transforms.
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Streszczenie. W niniejszej pracy przedstawiono wyniki porównania efektywnosci wybranych wariantów algorytmów szybkiej transformaty Fouriera
(FFT) typu radix-2 realizowanych zarówno dla procesorów graficznych (GPU) jak i typowych jednostek centralnych (CPU). Rozważane algorytmy
różnią się zapotrzebowaniem pamięciowym oraz postaciami grafów przepływu danych, które mają wpływ na spójnosc wykorzystania pamięci globalnej
oraz pamięci cache jednostek GPU i CPU. Uzyskane wyniki pozwalają na wskazanie wariantów algorytmów FFT, które są najlepiej dostosowane dla
architektur GPU i CPU, pozwalają też potwierdzic celowosc realizacji implementacji FFT zorientowanych na wykorzystanie jednostek GPU, a także
sformułowac ogólne wytyczne dla implementacji zorientowanych na wykorzystanie jednostek GPU algorytmów szybkich przekształcen liniowych.
(Porównanie efektywnosci wybranych wariantów algorytmów szybkiej transformaty Fouriera (FFT) realizowane na procesorach graficznych
(GPU) i jednostkach centralnych (CPU).)
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Słowa kluczowe: szybkie przekiształcenie Fouriera, obliczenia równoległe, obliczenia ogólnego przeznaczenia na GPU.

Introduction
In recent years, we could witness a growing interest of

scientific community in parallel GPU implementations of a va-
riety of classical computation algorithms, e.g. [1], [2]. This is
due to the fact that GPUs have become an attractive tools
for general-purpose computations delivering a low-cost hard-
ware solutions combined with relatively high performance [2].
The class of algorithms of a particular interest are the fast
algorithms for discrete Fourier transform (DFT) since DFT
plays an important role in many engineering areas such as:
digital signal processing, pattern recognition, cryptography,
lossy data compression, etc. (see [3]-[5]). Hence, many
different variants of FFT implementations (e.g. [3], [7], [8])
which are well suited for various hardware architectures, in-
cluding the consumer segment GPUs (cf. [2], [9] and [10]),
were already constructed.

In this paper, we present the results of comparison of the
effectiveness of two selected variants of radix-2 Fast Fourier
Transform (FFT) algorithms. The first one is a well known
Cooley-Tukey algorithm (see [6]) and the second one de-
scribed in [7] can be characterized by highly uniform structure
and hence is more convenient for parallel GPU realizations.
Both algorithms were implemented on GPU and CPU using
two different ways of input data arrangement. The results of
experiments are presented and interpreted. On its basis vari-
ants of FFT best suited for GPU and CPU architectures are
indicated and in addition the authors formulate a guideline for
future implementations of fast algorithms of various discrete
linear transforms.

Fast Fourier Transform
The term fast Fourier transform (FFT) refers to the class

of computationally efficient algorithms for the calculation of
the discrete Fourier transform (DFT) which is defined as:

X(k) = DTFN{x(n)} =
N−1∑

n=0

x(n)e−i 2π
N kn(1)

for k = 0, 1, . . . , N − 1, where N is the size of transforma-
tion, x(n) is a sequence of complex numbers and i stands
for imaginary unit. FFT reduces the original computational
complexity from O(N2) (cf. eq. (1)) to O(N log2 N) level.
The reduction of complexity by one order of magnitude is
achieved by apt usage of divide-and-conquer strategy which

allows to rewrite formula (1) in the form:

X(2k) = DFTN/2{x(n) + x(n+N/2)},(2)

X(2k + 1) = DFTN/2{(x(n)− x(n+N/2))Wn
N}

for k = 0, 1, ..., N/2− 1 and Wn
N = exp(−i2πn/N). Then

the decomposition formulas (2) can be applied recursively for
N = 2p, where p is an integer number, resulting in radix-2
Cooley-Tukey (CT) type FFT with decimation in frequency do-
main (DIF). In Fig. 1 the data-flow graph of N = 16 point CT
DIF FFT is presented with definitions of butterfly operations
used to its description.

Fig. 1. The data-flow graph for 16-point CT DIF FFT

As mentioned earlier different hardware platforms may
have different requirements regarding memory coalescing
and cached memory access. For modern CPUs data co-
alescing is not an issue while strided memory access can
significantly reduce data processing bandwidth. For the first
generation GPUs (with no cached global memory) proper
data coalescing is an essential requirement while strided
memory access will result in critical reduction of the process-
ing bandwidth regardless the generation of GPUs.

If we take a look at the structure of CT DIF FFT (see Fig.
1) it can be figured that for huge values of N and at the initial
stages such a structure may suffer from strided memory ac-
cess since butterfly operators require distant data locations
with offset of N/2 elements. This situation improves with suc-
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cessive stages and is negligible at the last one. Due to that
fact, we take into consideration the second variant of radix-2
DIF FFT described in paper [7]. It can be easily proved that
it is equivalent to CT DIF FFT and the only difference lies in
rearrangement of locations of inputs/outputs for butterfly op-
erators in the following stages. The data-flow graph of such
FFT algorithm (referred to as MY FFT) for N = 16 points in
shown in Fig. 2.

Fig. 2. The data-flow graph for 16-point DIF FFT from [7]

Such a structure should exhibit better memory access
properties because outputs of all butterfly operators at each
stage are strictly localized. The only drawback of MY FFT is
that it requires additional memory buffer since now calcula-
tions cannot be realized in-place.

It should be noted that DFT operates on complex num-
bers. Thus an additional consideration of the way of memory
storage of real and imaginary parts of input data is needed. In
this paper, we consider two approaches: real and imaginary
parts stored as pairs in one data buffer (1B); two separate
buffers used for storage of real and imaginary parts (2B).

Implementation of FFT on GPU and CPU
For the implementation of the considered algorithms on

GPU cards we assumed the same approach regardless of
a variant of FFT structure. It consists in calculating the
following stages sequentially by separate kernel functions.
Within a single stage butterfly operators are assigned to sep-
arate threads which are grouped into blocks. Thus, individual
threads are responsible for calculation of operations needed
by a single butterfly operator. In case of MY DIF FFT calcu-
lations cannot be realized in place, thus we use two buffers
which are switched sequentially between successive stages.

The CPU implementation involved two nested loops
where the outer was responsible for sequential iteration in
order left to right between stages while the inner was respon-
sible for sequential iteration in top-down for butterfly opera-
tors.

Experimental research
The experiments involved testing the considered vari-

ants of FFTs of different sizes operating on random data with
two data samples arrangements: 1B and 2B. The obtained
results in the form of execution times for CPU, GPU and their
ratios, averaged over 50 trials, are presented in Figs. 3-5 re-
spectively. The tests were performed using Intel Core i7, 3.5
GHz, processor with 16 GB RAM and NVidia GeForce GTX
970 graphics card, with 4GB DRAM. All FFT calculation pro-
cedures for CPU and GPU were originally implemented by
the authors in C language using MicrosoftTM Visual C++ R©
2012 compiler with code optimization options set up for time
performance efficiency. For GPU code authors have used
NVIDIA R©CUDA R©Toolkit’s 7.5 NVCC C++ language compiler
with standard code optimization options. In Figs. 3 and 4 one
can see the absolute averaged execution times of all eight
(i.e. CPU and GPU) implementations of the analyzed FFT

Fig. 3. Execution time comparison for B1 FFTs

Fig. 4. Execution time comparison for B2 FFTs

Fig. 5. GPU to CPU acceleration ratios between FFTs

algorithms, where their B1 variants are considered in Fig. 3
and B2 variants are considered in Fig. 4 In Fig. 5 time ratios
between CPU and GPU implementations are shown for all
of the four considered FFT algorithms. It can be seen from
Figs. 3 - 5 that the overall execution time results achieved
by the GPU implementations for large sizes of N of the two
considered fast transforms were significantly better than their
respective CPU implementations for both their B1 and B2
variants, which strongly proves the advisability of implemen-
tation of the FFT algorithms on GPUs. For example in Fig.
5 one might observe that for transform size N = 2 22 B2 CT
FFT GPU is over 30 times faster than its CPU implementa-
tion while for equivalent B2 MY FFT case it’s CPU/GPU time
ratio reaches almost 25. From Figs. 3 and 4 it can be seen
that the best absolute result among all considered implemen-
tations for large values of N was achieved by B1 variant of
GPU implementation of MY FFT. Among CPU implementa-
tions the B1 MY FFT algorithm is also the fastest one out-
performing CPU CT FFT B1 and B2 variants over 2 and 2.5
times respectively. To sum up, for both CPU and GPU im-
plementations of the considered FFT algorithms MY FFT B1
achieves the shortest execution times.
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The following part of experimental study involves the
times of calculation of FFT phase coefficients, i.e.: Wn

N for
N = 2p, n = 0, 1, . . . , N/2 − 1, both on GPU (tGPU ) and
CPU (tCPU ). In GPU implementation a single kernel call
was used to calculate the coefficients, where each of N/2
threads calculated one coefficient in accordance with its def-
inition (cf. Fig. 1). In case of CPU the following coefficients
were calculated sequentially using fsincos instruction of x86
family microprocessors. That instruction calculates both sin
and cos functions of the same angle with time at about 25%
shorter than separate calculations. The obtained experimen-
tal results are shown in Table 1.
Table 1. Experimental results in times of computation of phase co-
efficients on GPU and CPU

p = 11 12 13 14 15 16 17

tGPU [ms] 0.004 0.004 0.005 0.005 0.005 0.007 0.009

tCPU [ms] 0.221 0.361 0.390 0.682 0.924 1.373 2.682

p = 18 19 20 21 22 23 24

tGPU [ms] 0.013 0.022 0.039 0.074 0.146 0.280 0.554

tCPU [ms] 5.227 10.36 20.74 41.49 83.23 166.0 333.1

Analysis of experimental results shows a huge advan-
tage of GPU-oriented approach. The resulting acceleration
over CPU realization was in the range of 50 (for N = 211) to
600 (for N = 224) times. It should be noted that the possible
improvement of CPU-oriented approach may take advantage
of trigonometric identities for sin and cos functions of the sum
of angles. However, in such approach the computational er-
ror accumulates sequentially and hence that approach is not
practical for transform sizes N higher than 1024 points.

Last issue considered during the experimental study re-
garded a bit-reversal permutation of the FFT output coeffi-
cients which must be performed if after FFT calculation the
resulting data has to be directly used by the following stages
of a given computational process. Two types of implemen-
tations of such permutation were considered, namely, stan-
dard work-efficient algorithm (see [11]) performed on CPU
and radix-2 step-efficient algorithm implemented on GPU.
The first algorithm works in-place and its computational com-
plexity can be shown to be O(N) [11] while the second one,
depicted in Fig. 6, uses two N -complex-element buffers and
needs log2 N−1 parallel steps. The obtained execution times
of the considered algorithms are shown in Fig. 7. One can
see that for data sizes ranging from N= 218 to N= 225 GPU
implementation of a bit-reversal FFT coefficient permutation
outperforms that of CPU by 2.6 to 9.1 times respectively.

Fig. 6. Data-flow graph of 16-pt bit-reverse step-efficient algorithm

Conclusion
In the paper the results of comparison of the effec-

tiveness of selected variants of radix-2 Fast Fourier Trans-
form algorithms implemented on both Graphics and Cen-
tral Processing Units were presented. Experimental results
have shown that GPU implementation of FFT algorithms may
achieve over 30 times the acceleration with respect to the

´ ´

´

Fig. 7. Execution time comparison for bit-reverse implementations

CPU FFT realizations for sufficiently large data sizes. It’s
also shown that GPU implementations of the FFT phase co-
efficients calculation and bit-reversal permutation stages of
the FFT algorithm hugely outperform their standard CPU im-
plementations. Moreover the results indicate that algorithms
characterized by unified structures (having identical stages)
are better suited for both CPU and GPU implementations. In
addition it can be concluded that structures that are simpler
in the sense of indices calculations are also more computa-
tionally efficient.
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