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COMMUNICATIONS

REQUIREMENTS ON NEEDED FREQUENCY
BANDWIDTH DEPENDING ON PULSE WAVEFORMS

AND THEIR ALLOWED DISTORTION

Milan Sigmund — Lubomir Brancik
∗

This paper deals with pulse signals influenced by loss of energy in high frequency band. Five types of pulses were tested
and evaluated under various conditions. Achieved results can be helpful for some specific tasks in signal transmission. An
example presents highest frequency of periodic pulse signals processed on printed circuit board.
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1 INTRODUCTION

Energy is one of the basic features characterizing real-
world signals. Physically, the energy of a signal repre-
sents its capacity to perform work. In different fields of
scientific research (e.g., pattern recognition, feature ex-
traction, biomedical signal processing, etc.), signal en-
ergy (mostly short-time energy) needs to be detected,
analyzed or eliminated [1]. Many practical applications
of signal energy can be found in the field of pulse sig-
nal processing. For instance, the study [2] describes a
method to determine the attenuation of the signal en-
ergy through the region of the body in the heart area
using Gaussian pulses whose pulse width varies from 1
to 10 GHz. In the photoplethysmography, a correlation
of changes in the pulse width of the measured photo-
plethysmographic signal with changes in peripheral vas-
cular resistance was found in [3]. The paper [4] provides
an overview of methods dealing with energy concentration
in the time-frequency domain. The results of the litera-
ture review indicate that using energy concentration as a
feature is a very powerful tool and has been utilized in nu-
merous applications. Besides the low voltage applications
mentioned above, pulse signals are analyzed and utilized
also in high voltage applications. For instance, the paper
[5] deals with the use of pulse signals in large capacity cas-
caded battery energy storage system. The signal energy
plays very important role also in communication systems,
such as wireless networks [6], radars [7] as well as internet
of things [8], whether are investigated the radio signals
themselves (source signals, transmitted signals, received
signals) or are observed the surrounding signals (noise,
background) for optimization of the signal processing.

In order to right evaluate all features derived from
signal energy, the potential energy must not be affected by
any operation during signal processing. Our study deals
with five types of pulse waveform and their robustness to

the effect of spectral limitation caused, for example, by
transmission channel.

2 CALCULATING SIGNAL POWER

In our study, signal is represented by voltage which is
the most common physical type of signals applied in elec-
tronics and communications. The pulse energy or power
was calculated using the Parsevals theorem [9] which re-
lates values obtained in time and frequency domains. The
mean power P in periodic signals with repetition period
T is given by either of the expressions

P =
1

T

T
∫

0

s2(t) dt =

∞
∑

k=−∞

|ck|
2
, (1)

where s(t) is a pulse wave and the absolute value |ck|
gives magnitude of the complex Fourier coefficients (mag-
nitudes of all coefficients represent amplitude spectrum).
Single coefficients ck correspond to the harmonic frequen-
cies of the fundamental frequency ω1 as

ck = kω1 = ωk (2)

where ω1 = 2π/T . When k = 0, the coefficient c0 stands
for the DC component, ie zero-frequency component con-
tained in signal s(t). More details on Fourier coefficients
including their computing and properties can be found,
for example, in [10].

Precisely, (1) defines mean signal power P in watts
only when the signal s(t) in volts is applied across a
resistance of R = 1Ω. Since the resistance value is unity
the dissipated power may be referred to as normalized
power. For an isolated pulse (having finite energy) the
normalized energy is similarly defined. In the following
text we shall refer to it simply as power or energy, with
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Fig. 1. Waveforms (left) and corresponding spectra (right) without DC component of analyzed pulses

the implicit assumption that it is the normalized power
or normalized energy.

3 PULSES IN COMPARISON

An endless variety of different pulse signals is pos-
sible. We have analyzed chosen pulses with waveforms
based on several commonly used functions such as ex-
ponential, logarithm, and quadrature. These pulses are
easy to generate using both discrete and analogue cir-
cuits. In the analysis were taken into account five signals
as follows: s1(t) - single exponential pulse; s2(t) - double
exponential pulse; s3(t) - normal (Gaussian) pulse; s4(t)
- logarithmic-normal pulse; and additionally rectangular
pulse r(t) for comparison purposes.

s1(t) = A1 exp

(

−
t

τ1

)

(3)

s2(t) = A2

[

exp
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−
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τ2

)

− exp

(

−
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τ2
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s3(t) = A3 exp

(
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)
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s4(t) = A4 exp

(
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(
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)

(6)

r(t) =

{

A for t ∈ 〈0; η T 〉 , η ∈ (0; 1)
0 otherwise

(7)

The pulse waveforms are derived from some probabil-
ity distributions. An adequate background may be found,
for example, in [11]. In (3) to (6), A is the scale factor, τ
is the time delay, µ represents time location, and α, β are
specific constants. In (7), η represents a duty cycle con-
sidering a completed period T of pulse train. The values
of all mentioned parameters were adjusted such as creat-
ing pulses of unit peak and duration of one millisecond. In
case of asymptotic falling edges, a fall below 1% is consid-
ered to be the endpoint for determining the pulse width.
Figure 1 shows the waveforms of single pulses s1(t) to
s4(t) as well as r(t) and their amplitude spectra for the
first twenty coefficients ck . The spectra were obtained by
short-time Fourier transform [12].

4 RESULTS

Our experiments were focused on loss of energy to-
gether with features derived from the loss such as drop
in pulse height and change of pulse shape. The cause of
energy loss in pulses is limited spectral width of chan-
nel which transmits the pulses. Signal models were tested
using the mathematical software Mathcad [13]. Three cri-
teria were applied in investigating the effect of filtered out
high spectral components from signal. First, pulse height
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Fig. 2. Cumulative energy function for exponential pulse with
incremented number of harmonics
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Fig. 3. Normalized cumulative energy functions of all types of
pulses

was measured as the highest peak in the waveform. Sec-
ond, the waveform-matching parameter (in percent) was
estimated using the ratio of areas

ρ =

T
∫

0

|s(t)− x(t)| dt

T
∫

0

|s(t)| dt

100 , (8)

where s(t) is the original pulse (here substituting all
types of pulses) and x(t) stands for appropriate deformed
pulse after filtering. Last, loss of energy was calculated by
means of cumulative energy function

CEF (K) = |c0|
2
+2 |c1|

2
+ ...+2 |ck|

2
+ ...+2 |cK |

2
(9)

where K is the continuously incremented total number
of Fourier coefficients, ie harmonic components, consid-
ered in the summation. Because the complex conjugate
coefficients ck and c−k have equal magnitude, the terms
|ck|

2 for k ≥ 1 are doubled in (9). The curve of CEF (K)
for exponential pulse can be seen in Fig. 2. Normalized
curves CEF (K) for all pulses are compared in Fig. 3.
The total pulse energy marked as the line 100% was cal-
culated from waveform of the original pulses according
the left side of (1).

For three thresholds of changes (namely 60, 90, and 98
percent) in the defined parameters, number of harmonics
(including DC component) needed to be present in a wave
of each pulse signal was investigated. Achieved results are
summarized in Tabs. 1, 2, and 3.

Table 1. Changes of peak level

Pulse signal
Number of harmonics

needed for peak level

% 60 90 98

exponential 6 21 39

double exponential 4 8 11

normal 3 4 5

log-normal 3 6 8

rectangular 2 2 2

Table 2. Changes of signal shape

Pulse signal
Number of harmonics

needed for the shape

% 60 90 98

exponential 8 41 266

double exponential 6 17 44

normal 3 5 6

log-normal 5 8 10

rectangular 2 12 84

Table 3. Changes of the signal energy

Pulse signal
Number of harmonics

covering the energy

% 60 90 98

exponential 3 10 49

double exponential 3 6 13

normal 2 3 4

log-normal 3 4 6

rectangular 2 2 12

In order to reflect obtained results in a real transmis-
sion conditions, two experimental channels in form of line
pair connections on common printed circuit board (PCB)
were tested by means of all defined pulse signals. First
channel consists of parallel transmission lines with rela-
tively large distance of 6 mm, the second channel has sim-
ilar structure but the distance between lines is only 0.5
mm. Both channels are 30 cm long [14]. In the case of close
lines, a significant crosstalk effect occurs, which affects
real communication at high frequencies. The measured
transfer functions meet low-pass filter functions with cut-
off frequency of 1.2 GHz (channel with crosstalk) or 1.8
GHz (channel without crosstalk). These cut-off frequen-
cies in relation to the number of harmonics shown in Tabs.
1 to 3 give the possible highest fundamental frequency of
periodic signals which repeat the defined pulses. In all pe-
riodic pulse signals, the duty cycle of 50% was assumed
(first half of the period is a positive pulse and second half
is zero signal). Table 4 shows the potential highest fre-
quencies when keeping the features values at least 90%
of original values (ie acceptable distortion is 10%). Table
4 represents the transmission channel without crosstalk.
In case of crosstalk, all the values must be lowered by
multiplication factor of 0.66.
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Table 4. Highest fundamental frequency when

feature values should be kept at least 90%

Periodic Highest fundamental

pulse signal frequency in MHz

height shape eneregy

exponential 90 45 200

double exponential 257 112 260

normal 600 450 900

log-normal 360 257 600

rectangular 1800 163 1800

5 CONCLUSION

Considering all results given in Tables 1 to 4, the best
pulse waveform seems to be the normal pulse. For specific
tasks, an optimal combination of pulse waveform and per-
centage threshold should be taken into account. In gen-
eral, achieved results can help to better design electronic
circuits working with pulse signals. Future work should
focus on more variations of the used pulses and in addi-
tion new types of pulses should be analyzed so that more
problems associated with pulses could be addressed. Fur-
thermore, achieved results should be tested in practical
applications.
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