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The Short-Time Fourier Transform (STFT) is widely used to convert signals from the time domain
into a time-frequency representation. This representation has well known limitations regarding time-
frequency resolution. In this paper, we present a set of MATLAB functions to compute a transform, which
uses the basic concept of the Short-Time Fourier Transform, but fixes the window size in the frequency
domain instead of in the time domain. This approach is simpler than similar existing methods, such as
adaptive STFT or multi-resolution STFT, and in particular it requires neither the filters of multi-resolution
techniques, nor the evaluation of the local signal characteristics of adaptive techniques. An illustrative
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Multi-resolution example is presented and compared with the Morlet wavelet transform.
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https://github.com/ElsevierSoftwareX/SOFTX-D-17-00087
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fixed-in-the-frequency-domain-Ilpar-stft-fd-rpar-colon-code/codedomain-lpar-stft-fd-rpar-
colon-code/code

GNU General Public License, version 3.0 (GPL-3.0)

None

MATLAB R1012a or higher

Communication toolbox is optionally required to add Gaussian noise to the synthetic signal.
File ecg.txt containing an electrocardiogram signal has to be downloaded from
http://eleceng.dit.ie/dorran/matlab/ecg.txt (original source: https://physionet.org) in order to
test that case study. In any case, there are additional self-generating test case studies that can
be directly analyzed using this software.

https://github.com/ElsevierSoftwareX/SOFTX-D-17-
00087 /blob/master/STFT_FD_Documentation_v1_4.pdf
cmateo@comillas.edu

1. Motivation and significance

The Short-Time Fourier Transform (STFT) can be used to convert
signals whose frequency content changes over time into the time-
frequency domain although it may introduce some redundant
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information [1,2]. However, this representation has well known
limitations regarding time-frequency resolution mainly due to
using a fixed window size.

Many alternatives and paradigms have been proposed. For ex-
ample, wavelets use a mother wavelet function which can be scaled
through frequency and shifted in time [3]. The paper contrasts the
results obtained using our proposed approach with those derived
from a wavelet method.

2352-7110/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1

STFT_FD1 implementation, which relies on use of the FFT algorithm to calculate the DFT according to Eq. (6) in [8].

[3

% Solution based on the FET

o0

initial time=cputime;
NS=size(x,2);
v_time = v_t(1l+(2*NC/2) :NS-(2*NC)/2);
v_frec [1;
v.p = [
stft fd=[];
for p=2:NS/NC
v_frec = [v_frec, 1/(p*Ts)];
v_p=[v_p,pl;
NW=p*NC;
window=hamming (NW) ';
for t=NW/2:NS-NW/2

’

fft wx=fft (wx);
stft f£d(t,p)=£ft_ wx (1+NC);
end;
end;
elapsed time=cputime-initial time;

tumeticn [V _itlme, Vv free, it i, clepdce time]=Sret FDi (v _iE,x, T, NC)
% Short Time Fourier Transform with the Window Size Fixed in the Frequency Domain

wx=window (1:NW) .*x (t-NW/2+1:t+NW/2) ;

Other techniques revisit the basic Fourier Transform and pro-
pose new alternatives to the standard Short-Time Fourier (STFT),
such as adaptive STFT [4,5] and multi-resolution STFT [6,7]. The
idea of multi-resolution STFT is based on using different window
sizes for different frequencies. Multi-resolution STFT uses band-
pass filters to divide the signal into frequency bands. Therefore,
multi-resolution STFT relies on the use of filters to obtain the
representation. Adaptive STFT adjusts the window size for each
time instant depending on the local signal characteristics.

The software presented computes a transform using the basic
concept of STFT, but fixing the window size in the frequency
domain (STFT-FD). Our approach is similar to multi-resolution STFT
and wavelets, but the methodology is different. A key element is
the definition of the window size as the number of cycles of the
frequency component being considered rather than in seconds.
In this way, it is possible to define the transform with an equa-
tion, requiring neither the filters of multi-resolution STFT, nor the
evaluation of local characteristics of adaptive techniques. Further
methodological discussions can be found in the complementary
paper of Digital Signal Processing issue [8].

2. Software description
2.1. Software introduction

The software architecture consists of the following functions.
The main function is test_all_examples, which analyzes a synthetic
signal (generated in the synthetic_signal function), a two linear
chirp signal (generated in the chirp2_signal function) and an elec-
trocardiogram (ECG) signal (loaded in the ecg_signal function).
The three signals are presented and analyzed in [8]. The signals
can be analyzed with the proposed STFT-FD transform, using the
analyze_stft_fd function. The transform is computed using two
variant implementations, STFT_FD1, which is based on the use of
the Fast Fourier Transform, and STFT_FD2, which directly computes
the equation of the proposed transform, as explained in [8]. The
signals are represented in the time domain using the plot_signal
function, and in the time-frequency domain using the plot_stft_fd
function. The computation time required to compute the transform
with the two approaches is also displayed.

The first approach, (STFT_FD1), relies on the definition of the
transform, based on the Discrete Fourier Transform (DFT) ac-
cording to Eq. (6) in [8], and computed using the Fast Fourier

Transform (FFT) algorithm. In standard STFT, the window size
is fixed in seconds. Therefore, in that case, all the STFTs can be
computed using the same FFT for a given time instant. The con-
sequence of the window size being frequency-dependent is that
we have to compute each frequency component from a different
FFT. We take the (1+NC) component of the windowed signal for
the STFT-FD, where NC is the number of cycles inside the window
function.

The second way to compute the transform, (STFT_FD2), is ob-
tained after expanding that equation, and obtaining Eq. (7) in [8].
This equation can be directly used to compute the transform and
is implemented in function STFT_FD2.

In our implementation we have selected Hamming windows,
although the software could very easily be modified to use other
types of window functions. In the same way that we have to select
a mother wavelet in wavelets, with the proposed method we have
to select a window function (e.g. Hamming) and parameter NC.

Finally, the transform is converted into the time-frequency
domain using Eq. (2) in [8].

2.2. Software implementation

The code for STFT_FD1 is summarized in Table 1. In the complete
version of the code that has been uploaded (see Code metadata
table) there are additional comments explaining in detail each of
the steps and the interface of the functions. Variable v_t is the
time vector, the signal is defined in variable x, Ts is the sampling
period and NC is the number of cycles inside the window function.
The vectors of time, frequency and number of samples per cycle
are computed in v_time, v_frec and v_p. The number of samples of
the window (NW) is defined according to Eq. (3) in [8]. A Ham-
ming window is calculated using the Hamming function and the
number of samples of the window. The input signal after applying
the window function is wx, which is obtained by multiplying the
corresponding interval of the input signal (x) by the Hamming
window (window). Finally the fft of the signal is computed, and
the value of the (NC+1) term of the FFT transform is stored in the
resulting stft_fd. A parallel for can be used in the inner loop, but for
the signal tested it does not improve computation time.

The code for STFT_FD2 is summarized in Table 2. Again, the
vectors of time, frequency and number of samples per cycle are
computed in v_time, v_frec and v_p, and the number of samples
of the window (NW), the Hamming window and the windowed
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Table 2
STFT_FD2 implementation, according to Eq. (7) in [8].

[}

% Solution based on the STFT-FD formula

initial time=cputime;
NS=size (x,2);
v_time w_ie (14 (295C/ 2)) sM8= (2°NC) /2) ¢
V_IEEEE [1s
v._p = [1;
gt Fe=[] g
for p=2:NS/NC
v_frec = [v_frec, 1/(p*Ts)];
v_p=[v_p,pl;
NW=p*NC;
window=hamming (NW) ';
for t=NW/2:NS-NW/2

n=1:NW;

end;
end;
elapsed time=cputime-initial time;

fun'cEifonNivtime v frec sttt fd e llapsediEimel] =S TRINED 2N VAt AT SN E))
% Short Time Fourier Transform with the Window Size Fixed in the Frequency Domain

wx=window (1 :NW) .*x (t-NW/2+1:t+NW/2) ;

stft fd(t,p) = sum (wx.* exp(-j*2*pi*NC*(n-1)/NW)):

Frequency [Hz]

Time [s]

Seconds

Fig. 1. Representation of the ECG signal with (a) the proposed STFT-FD in the time-frequency domain, NC = 4, (on the left), and (b) Morlet wavelet transform (on the right).

signal (wx) are evaluated. However, in this case, the coefficients of
the STFT-FD are not computed using the FFT function, but directly
using Eq. (7) in [8].

3. Illustrative examples

We illustrate the transform with an ECG signal.! The signal in
the time domain is represented in [8]. The proposed transform of
the signal using the test_all_examples function (computed using
STFT_FD1 or STFT_FD2) is illustrated in Fig. 1a, where the high
frequency and low frequency components of the signal are clearly
observed in the time-frequency domain. This representation can
be contrasted with the Morlet wavelet transform represented in
Fig. 1b, where all the frequency components are also correctly
detected.

When compared, the two approaches (STFT_FD1 and STFT_FD2)
produce identical results, but for the proposed signal, STFT_FD1
requires 1.4 s while STFT_FD2 requires 3.9 s. This is an unexpected
result, because with STFT_FD1 we calculate all the coefficients of
the FFT instead of just the terms required. However, the opti-
mizations in the calculation of the FFT make this approach more

1 The signal corresponds to the initial 10 s of an ECG signal downloaded from
http://eleceng.dit.ie/dorran/matlab/ecg.txt (original source: https://physionet.org),
with a sample frequency of 100 Hz.

efficient. Nevertheless, in the same way that STFT_FD1 is optimized
by using FFT, STFT_FD2 is still of interest as it does not rely on
the use of FFT, and could be further optimized in future research.
The proposed transform is contrasted with other methods in the
complementary paper [8], using a synthetic signal, a two linear
chirp signal, a clean ECG signal and a noisy ECG signal.

4. Impact

This paper proposes a software package to compute the Short-
Time Fourier Transform with the Window Size Fixed in the Fre-
quency Domain (STFT-FD). The approach is novel although has cer-
tain similarities with existing techniques such as multi-resolution
or wavelets. However, its different conceptual base provides cer-
tain important advantages such it does not requires the band-
pass filter of multi-resolution techniques nor the evaluation of
local characteristics of adaptive techniques. Besides, the generality
and the inherent simplicity of the proposed methodology make it
particularly suited for being integrated into a broad range of signal
analysis applications.

There is, however, a pending issue related to this transform
in terms of computing efficiency for long signals. In its present
form, the method is not computationally efficient. In fact, the main
problem of the transform is that the matrix to be computed can be
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huge in the case of very long signals. Optimizations should, there-
fore, probably focus on reducing the redundancy of the information
of the transform; particularly the number of coefficients that are
calculated.

5. Conclusions

The software proposed in this paper has similar characteristics
to existing techniques such as multi-resolution STFT and wavelets,
but the methodology is essentially different. The implementation
of this approach is very straightforward increasing the value of
the proposed method, and facilitating reproducibility and reuse by
other authors.

Two alternative functions have been proposed to compute the
transform (STFT_FD1 and STFT_FD2). The results are the same using
both functions. However, the required computing time is lower
with STFT_FD1 implementation, which is based on an evaluation
of the FFT. Nevertheless, STFT_FD2 relies on a simple expression
to compute the transform, and in this case, therefore, there might
be still more margin to optimize the function. Some inefficiencies
of the proposed approach still have to be solved, so that it can
be successfully applied on longer signals. Thus, our future lines of
research are aiming to reduce the redundancy of the information
of the transform and to diminish the number of coefficients com-
puted.

Appendix A. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.s0ftx.2017.11.005.
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