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Short-time Fourier transform of ultrawideband signals

Abstract. The paper presents theoretical bases concerning the usage of a short-time Fourier transform for the analysis of UWB pulses. In the article
there was shown the analysis of Fourier spectrograms of a base UWB wavelet interfered with other signals of different forms: UWB wavelets, an
UWB Gaussian pulse and a continuous sine signal. 2D and 3D spectrograms of signals were calculated and compared to the results obtained using

a normal Fourier transform.

Streszczenie. W artykule oméwiono wykorzystanie krétkoczasowej transformaty Fouriera do analizy sygnatéw ultraszerokopasmowych UWB. Jako
przyktad rozpatrzono impuls falkowy UWB zaktécony innymi sygnatami o réznych formach: impulsami UWB oraz ciggtym sygnatem sinusoidalnym.
Przedstawiono poréwnanie wynikéw analizy sygnatéw uzyskanych za pomocg transformaty STFT i klasycznego przeksztatcenia Fouriera.

(Transformata STFT sygnaléw ultraszerokopasmowych).
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Introduction

Ultra-wideband (UWB) technology is characterized by
many interesting and unique features that allow to use it in
many areas of everyday life and in modern engineering [1-
3]. New applications and functions of ultra-wideband
impulse radio communication also require new approach
and latest techniques of analysis of ultra short UWB pulses
transmitted in radio systems. Using a short-time Fourier
transform (STFT) seems to be a promising technique of the
analysis of the ultra-wideband signals [4-7].

The paper describes theoretical bases of a short-time
Fourier transform and its usage in the analysis of
nanoseconds UWB pulses. The paper presents the analysis
of a superposition of a base ultra-wideband wavelet and a
few additional interfering signals. The analysis takes into
account the European UWB band 6-8.5GHz [8].

Short-time Fourier transform — Fourier spectrograms
A short-time Fourier transform for a given signal s(7) is
given by [6]:
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where: Sd (a),t) is a complex spectral function representing

the magnitude and the phase of the analyzed signal over
time and frequency domain, w(z) is a window function. In
numerical calculation, in discrete time, the STFT transform
can be obtained by using the following formula:
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where n and m describe discrete time, whereas N denotes a
total number of samples in a considered time period.
Assuming the above, a Fourier spectrogram is an energy
density spectrum of STFT:

&) Pa(@, 1)=[ Sq (@, 1)|?.

The formula (3) denotes that the result of a short-time
Fourier transform is a spectrum of a multiplication of the
given signal and a window function. It is not a spectrum of a
signal itself as it is in an ordinary Fourier transform. Thus,
for a suitable STFT analysis, proper parameters of a
window function have to be determined. Two basic
parameters of windows’ spectra are used to evaluate their
properties in the STFT analysis: the width of the main lobe
and the maximum level of side lobes in the spectrum that is

calculated by a basic Fourier transform. There are many
window types developed for the use in the STFT calculation
[6,7,10].

One of the most common window function is a sine
function described by:
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where t; is a window length, N is a corresponding parameter
used in a discrete time. The shape of the sine window and
its normalized spectrum are presented in Fig.1. In this case
an example value of t;=1ns was used.
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Fig.1. An example of sine window function: waveform (a),
normalized spectrum (b)

It is commonly known that the narrowest main lobe
characterizes a rectangle-shaped window and the first
spectrum zero is at 1/ty frequency, but the level of the
highest side lobe is about -13dB. In case of a sine window it
can be observed that the width of the main lobe is slightly
wider but the level of the first side lobe, compared to a
rectangular one, is lower and equals -22dB. The
characteristics and formulas used to describe other types of
windows are presented in [7,10].

It was shown in [7,10] that other types of window shapes
are characterized by a lower side lobes level and a wider
main lobe of their spectrum. This significantly changes the
results of the Fourier spectrograms calculations and, thus, it
can contribute to a more efficient usage in practical
solutions.
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Numerical analysis
A numerical analysis carried out in the paper concerns a
base UWB wavelet expressed in the time domain by:

(1) Syay(t)=exp [— A(%T] cos [2 7 fo (t—to )]

where: A — amplitude of a wavelet, r — describes signal
duration, fy — frequency of a sine wave, t, — describes pulse
allocation in time. For the basic wavelet analyzed in the
paper it was assumed: A=1, r=1.05ns, f,=6.5GHz (Fig.2).
The basic wavelet's center was positioned at t,=10ns in the
time scale. It was carried out the Fourier spectrogram
analysis of the basic wavelet signal and three other
interfering signals of different forms.
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Fig.2. A waveform of a basic UWB wavelet A=1, 7r=1.05ns,
fo=6.5GHz
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Fig.3. Interfering wavelets si(t): A=0.5, r=1.5ns, f,=8GHz and
sip(t): A=0.75, 7=0.5ns, f,=5GHz (a), the sum signal sx(t) (b), 2D
spectrogram (c), 3D spectrogram (d)

In each case considered in the paper 2D and 3D Fourier
spectrograms were calculated using a sine window function.
The duration of a sine window function was assumed as
3ns. That value was adapted to the length of the basic UNB
wavelet. There were three cases examined and the results
are shown in Fig.3-5.

The first examined case is a superposition of the basic
wavelet sg(t) and two other interfering wavelets described as
s1a(t) and sig(t) in Fig.3,a. Parameters of interfering signals
are: for s;u(t) - A=0.5, r=1.5ns, f,=8GHz, t,=9.5ns and for
sip(t) - A=0.75, r=0.5ns, f;=5GHz, t;=11ns. The resulting
signal sy(t) is visible in Fig.3,b. Normalized Fourier
spectrograms in 2D and 3D presentation are shown in
Fig.3,c,d. Despite the imposition of wavelets at one another
at the same time it can be seen that, depending on
amplitudes, they are perfectly distinguishable on the time-
frequency plane of spectrograms.

The second example is the analysis of a disturbance in
the form of a continuous sine signal s,(t) with an amplitude
A=0.5 and a frequency f=8GHz. The results are shown in
Fig.4 in the same order as in the previous example. In this
case each signal can be perfectly distinguished. A Fourier
spectrogram of a continuous sine, which is a non-pulse
signal in this performance, presents an almost uniform ridge
parallel to the time axis (Fig.4,c,d).
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Fig.4. Interfering sine wave s,(t): A=0.5, f=8GHz (a), the sum signal
sx(t) (b), 2D spectrogram (c), 3D spectrogram (d)
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Fig.5. Interfering UWB Gaussian pulse s3(t): A=1, z=1/5ns (a), the
sum signal sx(t) (b), 2D spectrogram (c), 3D spectrogram (d)
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Fig.6. A normalized spectrum and a Fourier spectrogram projection
for the sum signal sx(t) (a,b) and sx(t) (c,d)

The last example is the superposition of the analyzed
basic wavelet sg(t) and an UWB Gaussian pulse s3(t) [9] with
parameters A=1, r=1/5ns (Fig.5,a). As in the previous
cases, both signals are perfectly distinguishable on the
plane of Fourier spectrograms.

Fig.6 illustrates the difference between results obtained
using Fourier spectrograms analysis of UWB pulses in
comparison to a normal Fourier transform. Fig.6,a,c present
the normalized spectrum of the superposition signals sx(t)
and s3(t) correspondingly, obtained by using normal Fourier
transform. Fig.6,b,d show a projection of 3D Fourier
spectrograms over a frequency axis for corresponding
signals.

It can be observed that for the pulse-shaped signals the
differences between these two presentations are almost
invisible. On the other hand, this difference is enormous
when compared to the results for a wavelet pulse interfered
with a continuous sine wave (Fig.6,a,b).

Conclusions

A short-time  Fourier transform and  Fourier
spectrograms can be very helpful in analyzing and
distinguishing impulse signals, including UWB, and signals
imposed on them which can be regarded as interference or
disturbances. STFT offers more capabilities than a normal
Fourier analysis. However, it requires slightly more complex
calculations and larger computing power. STFT analysis
also requires more attention in choosing parameters of
window functions — their shapes and durations.
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