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Preface
By the turn of the millennium a technology known as virtual reality will be in widespread use. It will
allow you to enter computer generated artificial worlds as unlimited as the imagination itself. Its cre‐
ators foresee millions of positive uses, while others fear it as a new form of mind control...
- Lawnmower Man and Brett Leonard

As of the onset of the twenty-first century, products considered high technology are often
those that incorporate advanced computer electronics. High tech is a technology that in‐
volves the production or use of advanced or sophisticated devices. Because the high-tech
sector of the economy develops or uses the most advanced technology known, it is often
seen as having the most potential for future growth. This perception has led to high invest‐
ment in high-tech sectors of the economy. But all this would not have been possible without
the ongoing development of science and certain of its disciplines as the powerful analytical
tools. One of them is Fourier analysis. The prevalent subject of Fourier analysis encompasses
a vast spectrum of mathematics with parts that may appear quite different at first glance. In
Fourier analysis, the term Fourier transform often refers to the process that decomposes a giv‐
en function into the harmonic domain. This process results in another function that de‐
scribes what frequencies are in the original function. Meanwhile, the transformation is often
given a more specific name depending upon the domain and other properties of the func‐
tion being transformed.
Fourier transform represents one of the oldest and most powerful analytical tools in many
fields like applied mathematics, physical sciences, and engineering. Because of the Fourier
transform which helps to describe the physical mechanism of collecting and reconstructing
data, it also becomes a priceless image-processing instrument in other areas which are relat‐
ed to biomedicine, pharmaceuticals, biotechnology, bioinformatics, computer engineering,
electrical and electronic engineering, information technology, artificial intelligence, nano‐
technology, nuclear physics, photonics, robotics, and semiconductors. The development of
Fourier transform techniques pushed the utilization of the spectroscopic methods dramati‐
cally. So, Fourier transform methods have long been proved to be extremely useful in all
fields of science and technology, like telecommunications, audio technology, radio astrono‐
my, seismology, aerospace, automotive, especially spectroscopy crystallography, medical
image processing, and signal analysis techniques. Particularly, Fourier transform spectrosco‐
py has become an innovative, powerful, and extra sensitive method to study biologically
important systems, varying from simple molecules to highly complex samples like living
cells and tissues. These enhanced spectroscopic methods in their modern form represent an
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Preface

important area of research with various applications in diverse fields of science and indus‐
try.
Therefore, the main purpose of this book is to provide a modern review about the recent
advances in Fourier transforms in high-tech and spectral application. In this sense, the book
is organized into two sections. Section 1 presents Fourier transform as a new tool for hightech application in electrical, electronic, and computer engineering. This section provides
application of the single-bin sliding discrete Fourier transform, inversion-based Fourier
transform as a new tool for noise rejection, application of Fourier series expansion to electri‐
cal power conversion, Fourier analysis for harmonic signals in electrical power systems,
high-resolution single-chip radix II FFT processor for high-tech application, and memristor
threshold logic FFT circuits. Section 2 deals with numerous Fourier transform spectroscopic
techniques with a wide range of biological, biomedical, biotechnological, pharmaceutical,
and nanotechnological applications. In this section, recent advances in Fourier transform
spectral application in different fields, by virtue of various techniques such as two-dimen‐
sional correlation spectroscopy, visible spectroscopy, infrared-attenuated total reflectance,
infrared photoacoustic spectroscopy, infrared imaging spectroscopy, ion cyclotron reso‐
nance mass spectrometry, etc., are presented.
This edition represents a reference review for Fourier transform methods as they are applied
in signal processing and spectroscopy. More exactly, the book concerns an overview of the
current status and of the recent achievements in Fourier transform spectroscopy and some
selected new applications of Fourier analysis in the high-tech fields, with the emphasis on
the own work done by the author of this book. The confluence of Fourier transform methods
with high tech opens new opportunities for the detection and handling of the atoms and
molecules using nanodevices, with potential for a large variety of scientific and technologi‐
cal applications.
In addition, the reference list included in each chapter contains both historical and extensive
analysis which works together with the articles that describe several key breakthroughs in
the mentioned areas of interest.
Prof. Goran S. Nikolić
Prof. Milorad D. Cakić
Prof. Dragan J. Cvetković
University of Niš, Faculty of Technology
Leskovac, Serbia

Section 1

Fourier Transform - The Most Powerful
Analytical Tool for High-Tech Application

Chapter 1
Provisional chapter

Inversion-Based Fourier Transform as a New Tool for
Inversion-Based Fourier Transform as a New Tool
Noise
Rejection
for Noise
Rejection
Mihály Dobróka, Hajnalka
Hajnalka Szegedi
Szegedi and
and Péter Vass
Péter Vass
Additional information is available at the end of the chapter
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/66338

Abstract
In this study, a new inversion method is presented for performing two-dimensional (2D)
Fourier transform. The discretization of the continuous Fourier spectra is given by a
series expansion with the scaled Hermite functions as square-integrable set of basis
functions. The expansion coefficients are determined by solving an overdetermined
inverse problem. In order to define a quick algorithm in calculating the Jacobian matrix
of the problem, the special feature that the Hermite functions are eigenfunctions of the
Fourier transformation is used. In the field of inverse problem theory, there are numerous procedures for noise rejection, so if the Fourier transformation is formulated as an
inverse problem, these tools can be used to reduce the noise sensitivity. It was demonstrated in many case studies that the use of Cauchy-Steiner weights could increase the
noise rejection capability of geophysical inversion methods. Following this idea, the
two-dimensional Fourier transform is formulated as an iteratively reweighted least
squares (IRLS) problem using Cauchy-Steiner weights. The new procedure is numerically tested using synthetic data.

Keywords: noise rejection in Fourier transformation, series expansion–based inversion,
robust Fourier transformation, Hermite functions, reduction to pole

1. Introduction
In signal processing, the frequency spectrum of the time domain signals plays a very important
role. In order to change over from the time domain to the frequency domain, the Fourier
transform is applied most frequently. In the case of equidistantly sampled discrete time
domain data sets, the so-called discrete Fourier transform (DFT) algorithm is used to

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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determine the discrete frequency spectrum. In the numerically very efficient Fast Fourier
Transform algorithm (FFT), the spectrum is determined by solving a complete set of inhomogeneous linear algebraic set of equations.
The measured data set always contains noise, which is linearly projected into the frequency
domain during Fourier transformation, so the traditional FT algorithms are sensitive to noise,
most significantly to non-Gaussian one. On the other hand, it is well-known that in the
framework of inverse problem theory there are a collection of methods with excellent noise
rejection capability. For this reason, it was proposed to handle the 1D Fourier Transform as an
overdetermined inverse problem [1].
In inverse problem theory, it is known that the simple least squares (LSQ) method gives
optimal solution in case of Gaussian data noises while it is very sensitive for outliers. To
reduce the effect of outlying data various (robust) inversion methods have been developed.
The least absolute deviation (LAD) is one of the most frequently applied robust inversion
method, which can be numerically realized by linear programing or by using the so-called
iteratively reweighted least squares (IRLS) procedure [2]. In this case, the L1 norm of the
deviation between the observed and predicted data is minimized. The IRLS procedure which
iteratively recalculates the so-called Cauchy weights results in a very efficient robust inversion method [3]. In applying Cauchy inversion, the scale parameter of the Cauchy weights
should be a priori known. This problem is solved in the framework of the most frequent value
(MFV) method (developed by Steiner [4, 5]), where the scale parameter is derived from the
data set. The weights given by the MFV method have been extensively used in various IRLS
inversion problems. A successful application in joint inversion of seismic and geoelectric
data was published by Dobróka et al. [6]. Szűcs et al. [7] reported a considerable improvement due to the use of Steiner’s weights in the interpretation of borehole geophysical data.
The Cauchy weights improved by Steiner’s MFV method (the so-called Cauchy-Steiner
weights) were successfully applied in robust tomography algorithms by Dobróka and
Szegedi [8].
In previous papers by Szegedi and Dobróka [9], the 1D Fourier transformation was handled as
robust inverse problem using IRLS algorithm with Cauchy-Steiner weights. It was shown that
the noise sensitivity of the continuous Fourier transform (and its discrete variants DFT and
FFT) was appropriately reduced by using robust inversion. Following a fruitful inversion
strategy developed at the Geophysical Department of the University of Miskolc we used series
expansion as a discretization tool. Series expansion–based inversion methods were successfully used in the interpretation of borehole geophysical data [10, 11] and also in processing
induced polarization data [12]. In this study, we further develop the previously published
inversion-based 1D Fourier transform algorithm by extending it to 2D cases.

2. Theoretical background for 1D algorithm
The Fourier transform and its inverse allow establishing a connection between the time and
frequency domain. For the one-dimensional case the Fourier transform is defined as

Inversion-Based Fourier Transform as a New Tool for Noise Rejection
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1
UðωÞ ¼ pﬃﬃﬃﬃﬃﬃ
2π

ð∞

uðtÞ e−jωt dt,

(1)

−∞

where t denotes the time, ω is the angular frequency and j is the imaginary unit, UðωÞ is the
Fourier transform of a real-valued time function uðtÞ. Thus, the Fourier transform provides the
frequency domain representation of a phenomenon investigated by the measurement of some
quantity in the time domain. By means of the inverse Fourier transform
1
uðtÞ ¼ pﬃﬃﬃﬃﬃﬃ
2π

ð∞

UðωÞ ejωt dω,

(2)

−∞

we can return from the frequency domain to the time domain.
A next step in formulating the Fourier transform as an inverse problem is the discretization of
the frequency spectrum UðωÞ. In order to satisfy this requirement, let us assume that UðωÞ is
approximated with sufficient accuracy by using a finite series expansion
M

UðωÞ ¼ ∑ Bi Ψi ðωÞ,

(3)

i¼1

where the parameter Bi is a complex valued expansion coefficient and Ψi is a member of an
accordingly chosen set of real valued basis functions.
Using the terminology of (discrete) inverse problem theory, the theoretical values of time
domain data (forward problem) can be given by the inverse Fourier transform
u

theor

ðtk Þ ¼

utheor
k

1
¼ pﬃﬃﬃﬃﬃﬃ
2π

ð∞

UðωÞejω tk dω,

(4)

−∞

where tk is the kth sampling time. Inserting the expression given in Eq. (3) one finds that
1
utheor
≅ pﬃﬃﬃﬃﬃﬃ
k
2π

ð∞ � M
ð∞
�
M
1
∑ Bi Ψi ðωÞ ejωtk dω ¼ ∑ Bi pﬃﬃﬃﬃﬃﬃ Ψi ðωÞejωtk dω:
2π
i¼1
i¼1

−∞

(5)

−∞

Let us introduce the notation
Gk, i

1
¼ pﬃﬃﬃﬃﬃﬃ
2π

ð∞

−∞

Ψi ðωÞejωtk dω,

(6)

where Gk, i is an element of the so called Jacobian matrix of the size N-by-M (N is the number of
time domain data and M is the number of unknown expansion coefficients). It is important for
later considerations to note, that the Jacobian can be written as the inverse Fourier transform
(in t ¼ tk ) of the Ψi basis function. The theoretical values take the linear form
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M

utheor
¼ ∑ Bi Gk, i :
k

(7)

i¼1

The parameterization is always an important step in constructing an inversion algorithm. In
Fourier transformation the frequency spectrum is defined over the interval (−∞,∞), so the set of
basis functions should be defined in the same domain. In addition, the use of orthonormal
functions for the series expansion is also proposed to the parameterization of the model.
Because of these reasons we have chosen the set of scaled Hermite functions for discretization
(their square-integrability ensures the existence of their Fourier transform).
If one tries to extend the concept of inversion-based Fourier transform for two-dimensional (2D)
(or even multidimensional) case, a quick and simpler way of calculation can be advantageous.
For this reason, consider the basic formulae of Hermite polynomials and Hermite functions.
The basic Hermite polynomials can be defined by the Rodriguez formula
� �n
d
2
n ω2
hð0Þ
ðωÞ
¼
ð−1Þ
e
e−ω ,
n ¼ 0, 1, 2, :::,
n
dω

(8)

and also can be generated by the recursive formula
ð0Þ

ð0Þ

hnþ1 ðωÞ ¼ 2ω hð0Þ
n ðωÞ−2 n hn−1 ðωÞ,
ð0Þ

(9)

ð0Þ

where h0 ðωÞ ¼ 1, h1 ðωÞ ¼ 2ω. The Hermite polynomials fulfill the orthogonality condition
ð∞

−∞

e

−ω2

�

hð0Þ
n ðωÞ

�

hð0Þ
m ðωÞ

pﬃﬃﬃﬃ
dω ¼ 2 n! πδnm ,
n

δnm ¼

�

0, n≠m
,
1, n ¼ m

(10)

where δnm denotes the Kronecker symbol. Based on this formula, the basic Hermite functions
can be defined as
ω2

e− 2 � hð0Þ
n ðωÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
,
ðωÞ
¼
Hð0Þ
pﬃﬃﬃﬃ
n
π n! 2n

n ¼ 0, 1, 2, …:

(11)

Afterward the function H ð0Þ
n ðωÞ is not only a complete orthogonal but an orthonormal system
ð∞

−∞

ð0Þ
H ð0Þ
n ðωÞ � H m ðωÞ dω ¼ δnm ,

δnm ¼

�

0, n≠m
:
1, n ¼ m

(12)

There is an important special feature of Hermite functions, namely that they are the
eigenfunctions of the Fourier transform [13]
n ð0Þ
F fHð0Þ
n ðtÞg ¼ ð−jÞ H n ðωÞ,

and for the inverse Fourier transform, respectively

(13)
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n ð0Þ
F �1 fH ð0Þ
n ðωÞg ¼ ðjÞ H n ðtÞ:

(14)

As it was given in reference [14], the Hermite functions have to be modified by scaling because
in geophysical applications the frequency covers wide ranges. The Rodriguez formula for
modified Hermite polynomials takes the form
n α ω2

hn ðω, αÞ ¼ ð−1Þ e

�

�n

d
dω

2

e−α ω ,

(15)

and can be also generated by the recursive formula
hnþ1 ðω, αÞ ¼ 2ωα hn ðω, αÞ−2 nα hn−1 ðω, αÞ,

(16)

where α is the scale factor and h0 ðω, αÞ ¼ 1, h1 ðω, αÞ ¼ 2αω [15]. The normalizing equation is
ð∞

−∞

− αω2

e

�

hð0Þ
n ðω, αÞ

�

hð0Þ
m ðω, αÞ

rﬃﬃﬃﬃ
π
dω ¼
ð2αÞn n!δnm ,
α

δnm ¼

�

0, n≠m
:
1, n ¼ m

(17)

Thus, the scaled Hermite functions can be defined as
α ω2

e− 2 � hn ðω, αÞ
ﬃ:
H n ðω, αÞ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃπﬃ
n
α n! ð2αÞ

(18)

In this case the normalizing equation is
ð∞

−∞

H n ðω, αÞ � Hm ðω, αÞdω ¼ δnm ,

Introducing the notation ω0 ¼

δnm ¼

�

0, n≠m
:
1, n ¼ m

(19)

pﬃﬃﬃ
αω the hn ðω, αÞ modified Hermite polynomials can be traced

0
back to the hð0Þ
n base polynomials. Substituting ω into Eq. (15) we obtain

pﬃﬃﬃ
02
hn ðω, αÞ ¼ ð αÞn ð−1Þn eω

�

d
dω0

�n

pﬃﬃﬃ
pﬃﬃﬃ n ð0Þ pﬃﬃﬃ
02
0
e−ω ¼ ð αÞn hð0Þ
n ðω Þ ¼ ð αÞ hn ð αωÞ:

(20)

Similarly, the modified Hermite function can also be traced back to the basic case (H ð0Þ
n ).
According to Eq. (18), we get the following formula
ω02 pﬃﬃﬃ
ω02
p
ﬃﬃﬃ ð0Þ pﬃﬃﬃ
ﬃﬃﬃ e− 2 hn ðω0 Þ p
ﬃﬃﬃ
e− 2 ð αÞn hn ðω0 Þ p
0
4
4
ﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
α Hn ð αωÞ:
H n ðω, αÞ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼
α
¼ 4 α H ð0Þ
pﬃﬃﬃﬃ
n ðω Þ ¼
pﬃﬃﬃﬃ 1
n
n
n
π n! 2
π pﬃﬃα n! 2 α

(21)

Expanding the spectrum by means of the modified Hermite functions, in accordance with
Eq. (6) the Jacobian matrix can be written as the inverse Fourier transform of the Hn ðω, αÞ basis
functions
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Gkn

1
¼ pﬃﬃﬃﬃﬃﬃ
2π

ð∞

−∞

H n ðω, αÞ � ej ω t dω:

(22)

Using Eq. (21) one finds
Gkn

1
¼ pﬃﬃﬃﬃﬃﬃ
2π

or taking the notations ω t ¼ ω0 t0 , ω0 ¼
Gkn

1 1
ﬃﬃﬃ pﬃﬃﬃﬃﬃﬃ
¼p
4
α 2π

ð∞

−∞

ð∞

−∞

p
ﬃﬃﬃ ð0Þ 0
4
α H n ðω Þ � ej ω t dω,

(23)

pﬃﬃﬃ
αω and t0 ¼ ptﬃﬃα into account we have

0
jω
Hð0Þ
n ðω Þ � e

0

t0

1
0
ﬃﬃﬃ F �1 fH ð0Þ
dω0 ¼ p
n ðω Þg:
4
α

(24)

Using the properties of the base Hermite functions from Eq. (14) Eq. (24) can be rewritten in the
following form
� �
1
1
t
n ð0Þ 0
n ð0Þ
p
ﬃﬃﬃ
ﬃﬃﬃ
pﬃﬃﬃ :
Gkn ¼ p
ðjÞ
ðjÞ
H
ðt
Þ
¼
H
n
n
4
4
α
α
α

(25)

This is a very important result in further developing the inversion-based Fourier transform
method because the Jacobian matrix can be produced quickly, as the procedure do not require
integration. This is especially important in case of 2D (or higher dimensional) Fourier transform.
In accordance with Eq. (7) the theoretical data can be obtained as a linear expression of the
expansion coefficients using the easily calculated elements of the Jacobian matrix. The general
element of the deviation vector can be given in the following form
ek ¼ umeasured
−utheor
:
k
k

(26)

In the framework of inverse problem theory, various methods are given for the minimization
of appropriately chosen norm of the deviation vector resulting in an estimation of the expan). After this, the real and imaginary part of the estimated spectrum
sion coefficients (Bestimated
i
can be calculated at any frequency as
M

Uestimated ðωÞ ¼ ∑ Bestimated
H i ðω, αÞ:
i
i¼1

3. Theoretical background for 2D algorithm
For the two-dimensional case the Fourier transform is defined as

(27)
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1
Uðωx , ωy Þ ¼
2π

ð∞ ð∞

−∞ −∞

u ðx, yÞ e−j ðωx xþωy yÞ dx dy,

(28)

where x, y denotes the spatial coordinates, ωx , ωy are the (angular) spatial frequencies and j is
the imaginary unit. The frequency spectrum Uðωx , ωy Þ is the Fourier transform of a real valued
function u ðx, yÞ and it is generally a complex valued continuous function. In two dimensions
the forward problem giving the theoretical values of the space domain data can be defined by
the two-dimensional inverse Fourier transform
1
uðx, yÞ ¼
2π

ð∞ ð∞

−∞ −∞

Uðωx , ωy Þ ej ðωx xþωy yÞ dωx dωy ,

(29)

where Uðωx , ωy Þ denotes the 2D spatial frequency spectrum, which will be discretized using
the scaled Hermite functions defined above
N

M

Uðωx , ωy Þ ¼ ∑ ∑ Bn,
n¼1 m¼1

m

H n ðωx , αÞ H m ðωy , βÞ ,

(30)

where
α ω2x

e− 2 hn ðωx , αÞ
H n ðωx , αÞ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
,
pﬃﬃπﬃ
n
n
!
ð2αÞ
α

2

hn ðωx , αÞ ¼ ð−1Þn eα ωx

�

β ω2y

e− 2 hm ðωy , βÞ
,
Hm ðωy , βÞ ¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃ
m
π
β m ! ð2βÞ

2

hm ðωy , βÞ ¼ ð−1Þm eβ ωy

d
dωx

�

�n

d
dωy

2

e−α ωx ,

�m

2

(31)

e−β ωy :

(32)

H n ðωx , αÞ H m ðωy , βÞ ej ðωx xk þωy yl Þ dωx dωy ,

(33)

Using Eq. (29) the data calculated at the point ðxk , yl Þ
uðxk , yl Þ ¼

1
2π

ð∞ ð∞

−∞ −∞

N

M

∑ ∑ Bn,

n¼1 m¼1

m

where k ¼ ð1, 2, …, KÞ, l ¼ ð1, 2, …, LÞdenote the sequence numbers of the measurement points
along the x and y directions, respectively. By introducing the Jacobian matrix, we can write
N

M

uðxk , yl Þ ¼ ∑ ∑ Bn, m Gnk,,lm ,
n¼1 m¼1

where

(34)
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Gnk,,lm

1
¼
2π

ð∞ ð∞

−∞ −∞
ð∞

1
¼ pﬃﬃﬃﬃﬃﬃ
2π

−∞

H n ðωx , αÞ H m ðωy , βÞ ej ðωx xk þωy yl Þ dωx dωy
j ωx xk

Hn ðωx , αÞ e

1
dωx pﬃﬃﬃﬃﬃﬃ
2π

ð∞

−∞

(35)
H m ðωy , βÞ e

jωy yl

dωy :

Similar to Eq. (21)
Hn ðωx , αÞ ¼

p
ﬃﬃﬃ ð0Þ pﬃﬃﬃ
4
α H n ð α ωx Þ ,

Hm ðωy , βÞ ¼

and the Jacobian takes the form

p
ﬃﬃﬃ ð0Þ pﬃﬃﬃ
4
β H m ð βωy Þ,

p
ﬃﬃﬃﬃﬃﬃ ð∞
ð∞
4
pﬃﬃﬃ
pﬃﬃﬃ
αβ
1
j ωx xk
jωy yl
p
ﬃﬃﬃﬃﬃﬃ
ð
α
ω
Þ
e
dω
Hð0Þ
dωy :
Gkn,,lm ¼ pﬃﬃﬃﬃﬃﬃ Hð0Þ
x
x
n
m ð β ωy Þ e
2π
2π
−∞

(36)

(37)

−∞

Using the notations
ωx xk ¼ ωx ′ xk ′ , ωx ′ ¼
we can write
Gkn,,lm

pﬃﬃﬃ
pﬃﬃﬃ
y
xk
αωx , xk ′ ¼ pﬃﬃﬃ , ωy yl ¼ ωy ′ yl ′ , ωy ′ ¼ βωy , yl ′ ¼ plﬃﬃﬃ ,
α
β

1
¼ p
ﬃﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃ
4
αβ 2π

ð∞

−∞

′
j ωx ′ xk ′
H ð0Þ
dωx ′
n ðωx Þ e

1
pﬃﬃﬃﬃﬃﬃ
2π

ð∞

−∞

1
ð0Þ
′
′
�1
ﬃﬃﬃﬃﬃﬃ F �1 fHð0Þ
¼ p
n ðωx Þg F fH m ðωy Þg
4
αβ

′

(38)

′

′
j ωy yl
H ð0Þ
dωy ′
m ðωy Þ e

(39)

and applying the well-known Eq. (14), the Jacobian matrix can be written in its final form
(without integration)
ðjÞnþm ð0Þ ′ ð0Þ ′
ﬃﬃﬃﬃﬃﬃ Hn ðxk Þ Hm ðyl Þ :
Gnk,,lm ¼ p
4
αβ

(40)

The programming of the algorithm is quite simple after using the transformation of the indices
i ¼ n þ ðm−1ÞN, s ¼ k þ ðl−1ÞK. With these notations, the total number of the unknown expansion coefficient is I ¼ N þ ðM−1ÞN ¼ NM and that of the measured data is S ¼ K þ ðL−1ÞK
¼ KL. The theoretical data can be calculated as
I

utheor
¼ ∑ Bi Gs, i ,
s
i¼1

and the general element of the deviation vector can be given in the following form

(41)
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I

es ¼ umeasured
− ∑ Bi Gs, i
s
i¼1

(42)

with ði ¼ 1, …, I, s ¼ 1, …, SÞ. After this, the inverse problem can be formulated in a straightforward manner.

4. Inversion algorithms
If the measured data set contains Gaussian noise, the minimization of the L2 norm of the
deviation vector is applied. This is the case of the least squares method when
N

E2 ¼ ∑ e2k

(43)

k¼1

is minimized resulting in the well-known set of the normal equations
!measured

!

GT G B ¼ GT u

:

(44)

By solving these normal equations, we can give an estimate for the complex expansion coefficients, and both the real and imaginary parts of the LSQ estimated Fourier transform (LSQ-FT)
can be calculated at any frequency by using
M

Ψi ðωÞ:
U estimated ðωÞ ¼ ∑ Bestimated
i
i¼1

(45)

As is well-known, the least squares method gives optimal results only when the data-noise
follows Gaussian distribution. This distribution seldom occurs in practice so other norms of
the deviation vector are introduced. In order to define a robust inversion algorithm, the
minimization of the weighted norm
N

Ew ¼ ∑ wk e2k :

(46)

σ2
:
þ e2k

(47)

k¼1

with the so-called Cauchy weights
wk ¼

σ2

is suggested (here σ2 is an accordingly chosen positive number). Using this norm for the
solution of inverse problems provides reliable results even if the input data sets contain outliers [9].
There is a problem with inversion procedures involving Cauchy weights, namely the scale
parameter should be a priori given. This difficulty can easily be solved by using Steiner weights
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[4]. In the framework of Steiner’s most frequent value method, the scale parameter σ2 is
derived from data residuals in an internal iteration loop. In the (j + 1)th step of this procedure
Steiner’s scale factor ε2jþ1 (called dihesion) can be calculated from ε2j as
e2k

N

∑

2

εjþ1

þ e2k Þ2
¼3
!2 ,
N
1
∑ 2
2
s¼1 εj þ es
2
k¼1 ðεj

(48)

where the ε0 starting value in the 0th step is given as
pﬃﬃﬃ
3
ε0 ≤
ðemax −emin Þ:
2

(49)

The stop criterion can be defined on an experimental basis (for example, a fixed number of
iterations). After this the Cauchy weights are modified by using the (Steiner’s) scale parameter
(Cauchy-Steiner weights)
wk ¼

ε2

ε2
:
þ e2k

(50)

In the case of Cauchy-Steiner weights the misfit function given in Eq. (46) is nonquadratic
(because ek contains the unknown expansion coefficients) and so the inverse problem is
nonlinear which can be solved again by applying the method of the iteratively reweighted
⇀ð0Þ

least squares [2]. In the framework of this algorithm a 0th order solution B
using the (nonweighted) LSQ method and the weights are calculated as
ð0Þ

wk ¼
ð0Þ

ð0Þ

ð0Þ

M

ε2
ε2 þ ðek Þ2
ð0Þ

:

is derived by

(51)

ð0Þ

−uk , where uk ¼ ∑ Bi Gki and the expansion coefficients are given by the
with ek ¼ umeasured
k
i¼1

LSQ method. In the first iteration the misfit function
N

ð0Þ ð1Þ 2

Eð1Þ
w ¼ ∑ w k ek
k¼1

(52)

is minimized resulting in the linear set of normal equations
!ð1Þ

GT Wð0Þ GB

!measured

¼ GT Wð0Þ u

(53)

of the (linear) weighted least squares method where the Wð0Þ weighting matrix (independent of
!ð1Þ

ð0Þ

ð0Þ

B ) is of the diagonal form W kk ¼ wk . Solving Eq. (53) one finds
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!ð1Þ

B

ð1Þ

M

!measured

¼ ðGT Wð0Þ GÞ−1 GT Wð0Þ u

ð1Þ

uk ¼ ∑ Bi Gki ,
i¼1

ek ¼ umeasured
−uk ,
k
ð1Þ

ð1Þ

ð1Þ

wk ¼

(54)
ε2
ε2 þ ðek Þ2
ð1Þ

:

(55)

The minimization of the new misfit function
N

ð1Þ ð2Þ

2

Eð2Þ
w ¼ ∑ w k ek

(56)

k¼1

!ð2Þ

ð2Þ

gives B which serves again for the calculation of wk . This procedure is repeated giving the
typical jth iteration step
!ðjÞ

GT Wðj−1Þ G B

!measured

¼ GT Wðj−1Þ u

(57)

with the Wðj−1Þ weighting matrix
ðj−1Þ

W kk

ðj−1Þ

¼ wk

:

(58)

(Here we note that each step of these iterations contain an internal loop for the determination of the Steiner’s scale parameter.) This iteration is repeated until a proper stop criterion
is met.

5. Numerical investigations
In order to test our inversion-based Fourier transform we generated a 2D data set in a
rectangular test area of the size [−1,1] units in both x and y directions (Figure 1). In the
homogeneous background (with the theoretical model value u = 0), there is a rectangular
anomaly (with u = 1.0) in the center of size [−0.2, 0.2] units in both directions. The sampling
intervals were dx = dy = 0.04 units so the number of data is N = 51*51. The 2D Fourier spectrum
of the (noise-free) discrete data set was calculated by means of 2D DFT algorithm, Figure 2
shows its absolute value (amplitude spectrum).
To test the outlier sensitivity of the Fourier transformation algorithms, the noisy data set I was
generated, in which random noise of Cauchy distribution (with 0 location and 0.02 scale
parameters) were added to the noise-free data set shown in Figure 1. Data set I containing
outliers is shown in Figure 3 and its DFT (amplitude) spectrum is shown in Figure 4. It can be
seen that compared to Figure 2 the DFT spectrum is highly distorted proving a sufficient noise
sensitivity to the traditional DFT.
For quantitative characterization of the results we introduce the RMS distance between two
data sets (for example noisy and noiseless) as
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Figure 1. The noise-free test surface.

Figure 2. The 2D amplitude spectrum of the noise-free data set calculated by DFT.
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Figure 3. The noisy test surface.

Figure 4. The 2D amplitude spectrum of the noisy data set calculated by DFT.
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vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
u 1 Nx Ny
d ¼ t ∑ ∑ ½unoiseless ðxi , yj Þ−unoisy ðxi , yj Þ�2
N i¼1j¼1

(59)

in the space domain (N, N x , Ny are relevant numbers of data point in the 2D test area) and the
model distance
1
�2 32
∑ ∑ Re½U
ðωxi , ωyi Þ�−Re½U
ðωxi , ωyi Þ� þ 7
7
6 i¼1j¼1
D¼6
�2 7
5
4 1 Mx My �
þ M ∑ ∑ Im½U noisy ðωxi , ωyi Þ�−Im½U noiseless ðωxi , ωyi Þ�

2

1
6M

Mx My �

noisy

noiseless

(60)

i¼1j¼1

in the spatial frequency domain (M, Mx , My are relevant numbers of data points). The distance
between the noisy and noiseless data sets is d = 0.0984. Using Eq. (60) we find the model
distance between the DFT spectra of the noisy (contaminated with Cauchy noise) and the
noiseless data sets: D = 0.0713.
If we apply our inversion based (IRLS-FT) method for the same noisy data set we get an
estimated spectrum shown in Figure 5. Compared to the DFT spectrum (Figure 4) this figure
represents sufficient improvement characterized by the model distance between the noiseless
and the noisy (given by IRLS-FT) spectra: D = 0.00128.

Figure 5. The 2D amplitude spectrum of the noisy data set calculated by IRLS-FT.
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Figure 6. The 2D inverse FT of the estimated spectrum.

It is well known that DFT and inverse DFT sequentially retrieve the noisy input data set
exactly. In our inversion-based robust Fourier transform method we solve an overdetermined
set of equations. In this case, it is important to see the space domain data set given by the
inverse Fourier transform of the IRLS-FT spectrum. This is the so-called calculated data introduced previously in defining the IRLS-FT algorithm
I

utheor
¼ ∑ Bi Gs, i :
s
i¼1

(61)

The result is shown in Figure 6. Compared to the noisy data set, the new inversion-based
Fourier transform method has appreciable noise rejection capability. This is characterized by
the data distance between the noiseless data set and the space domain data calculated by the
IRLS-FT method: d = 0.0140. It can be seen, that compared to the common DFT our inversionbased 2D Fourier transformation method has around 6–7 times lower noise sensitivity both in
space domain and frequency domain.

6. Application
The Fourier transformation is widely used in solving scientific or technical problems. Here we
present a geophysical application in the field of processing geomagnetic data set. It is well
known that the magnetic field has generally dipolar nature. It means that a magnetic body (i.e.,
wall fragments buried with soil in an archeo-geophysical measurement) usually produces
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doubled anomaly (positive and negative) in the magnetic map depending on the geographical
position of the measurement area. The only exceptions are the northern and the southern
magnetic poles of the Earth and the magnetic equator. In order to simplify the interpretation
of magnetic maps an elegant way was developed: the reduction to pole. This is a transformation resulting a magnetic data set that one would measure above the same magnetic body on
the north (or southern) pole.
In order to apply our robust 2D IRLS-FT method a synthetic data set was generated. The
measurement area was defined on the surface between (-100, 100) m in both of x and y
direction. An anomaly of magnetization 100 nT (with D = 2.5° declination and I = 63° inclination) was assumed between the z-coordinates (20, 10) m. A rectangular measurement system
was assumed with 5 m spacing in both directions (resulting in 1681 “measurement” data). The
surface magnetic data calculated by means of the method of Kunaratnam [16] are shown in
Figure 7. As it was mentioned, the interpretation of magnetic measurements is often supported
by reducing the data to I = 90° pole. This can be done in the spatial frequency domain by
applying the formula
Rðu, vÞ ¼ Tðu, vÞSðu, vÞ,

(62)

where Tðu, vÞ is the 2D Fourier transform of the magnetic data set, Sðu, vÞ is the frequency
domain operator of the pole reduction. The reduced data set in space domain can be found by
inverse Fourier transformation of the Rðu, vÞ data set. This is shown in Figure 8 using noisefree magnetic data and the traditional DFT in 2D Fourier transformation.

Figure 7. The noise-free synthetic data set.
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Figure 8. The data after reduction to pole (using DFT).

Figure 9. The noisy synthetic data set.
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Figure 10. The pole reduced data set (using DFT).

Figure 11. The pole reduced data set (using IRLS-FT).
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In order to simulate noisy data set the magnetic data were contaminated with random noise
following Cauchy distribution. The noisy data set and the result of pole reduction (using again
the traditional DFT) is shown in Figures 9 and 10. It can be seen, that the pole reduction is
highly distorted, which is caused by the low noise reduction capability of the 2D DFT algorithm proved in the previous chapter.
In contrary, the result of reduction to pole with the use of our new inversion-based 2D
Fourier transformation algorithm is presented in Figure 11. In this case, we used Hermite
function with 900 unknown expansion coefficients (considering the number of data,
the inverse problem is sufficiently overdetermined). Figure 11 demonstrates high noise
reduction capacity (compared to Figure 10, where the traditional 2D DFT was used for
Fourier transformation). It can be seen that the pole-reduced data set is close to that
shown in Figure 8 (noise-free data), and the limits of magnetization data are [0,250] in
both cases. The result proves the successful applicability of our inversion-based 2D IRLSFT algorithm.

7. Discussion
We presented a new algorithm for the 2D Fourier transform. Our purpose was to increase the
noise rejection capacity of the Fourier transform. To do this, we applied the tools of inverse
problem theory. In order to discretize the continuous function of the complex spectrum,
series expansion was used. It was shown, that the Jacobian matrix of the inverse problem
can be written as the inverse FT of the basis functions used in the discretization. Because of
this reason Hermite functions were chosen as they are eigenfunctions of the Fourier transformation. This selection gave the possibility of very quick computation of the Jacobian even
in 2D problems.
The unknown parameters (series expansion coefficients) are determined by solving an overdetermined inverse problem. For having a robust 2D FT method Cauchy-Steiner weights were
applied in a robust iteratively reweighted least squares algorithm. In order to characterize the
accuracy and the noise rejection capacity of the new Fourier Transform method we made
numerical test using synthetic data sets containing random noise of Cauchy distribution and
the characteristic distance between spectra calculated by means of noisy data as well as noisefree ones was calculated. It was shown that compared to the traditional DFT the characteristic
distances were reduced by a factor of 6–7 so the noise reduction capability of the new inversion-based Fourier transform method (for abbreviation we used IRLS-FT) was clearly demonstrated.
Fourier transformation is widely used in science and techniques, so the new robust 2D
Fourier transform method seems to be applicable on various fields of data processing
dealing with noisy data sets, especially those containing outliers. As an example, we
presented its application in reduction to pole, which is a frequently used operation in the
interpretation of geomagnetic data sets. By our experience, the new method shows sufficient
noise rejection capability compared to the traditional reduction to pole algorithm using the
well-known DFT.
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8. Conclusions
It was shown that considering the 2D Fourier transformation as an overdetermined inverse
problem could result in a procedure with increased noise rejection capability. In order to find a
robust method the iteratively reweighted least squares procedure using Cauchy-Steiner
weights is proposed. In the framework of the new inversion-based FT method series expansion
is used for discretization of the complex Fourier spectrum. The procedure is relatively quick,
due to the appropriate choice of the set of basis function: the Hermite functions are involved,
as they are eigenfunctions of the Fourier transformation.
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Abstract
The conventional method for spectrum analysis is the discrete Fourier transform (DFT),
usually implemented using a fast Fourier transform (FFT) algorithm. However, certain
applications require an online spectrum analysis only on a subset of M frequencies of an
N-point DFT ðM < NÞ. In such cases, the use of single-bin sliding DFT (Sb-SDFT) is
preferred over the direct application of FFT. The purpose of this chapter is to provide a
concise overview of the Sb-SDFT algorithms, analyze their performance, and highlight
advantages and limitations. Finally, a technique to mitigate the spectral leakage effect,
which arises when using the Sb-SDFT in nonstationary conditions, is presented.

Keywords: discrete Fourier transform, spectral leakage, digital signal processing,
Cramér-Rao lower bound, total vector error

1. Introduction
The estimation of frequency, amplitude and phase of single-frequency and multifrequency
signals has applications in many fields of engineering. In general, estimation methods are
based on Fourier analysis or parametric modeling. The advantage of Fourier-based methods
is their computational efficiency, compared with the mathematical complexity of the parameters-based algorithms, which demand a high amount of computational resources. The standard method for Fourier analysis in digital signal processing is the discrete Fourier transform
(DFT). For some real-time applications, the direct application of the conventional DFT may
result in an excessive computational cost. However, certain applications require an online
spectrum analysis only over a subset of M frequencies of an N-point DFT ðM < NÞ. For this
scenario, the common practice is to utilize a single-bin sliding DFT (Sb-SDFT) technique. These
recursive algorithms efficiently calculate a unique spectral component of an N-point DFT.
Nevertheless, the direct application of DFT-based methods for spectral analysis may lead to
inaccuracies due to the spectral leakage phenomenon. These unwanted effects are related to
the frequency variation and improperly selected sampling time window. This problem can be

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution,License
and reproduction
in any medium, provided the original
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solved using an adaptive coherent sampling mechanism. One of these mechanisms is known
as variable sampling period technique (VSPT) and is characterized for the dynamic adjustment
of the sampling period to exactly N times the fundamental frequency, thereby avoiding the
above-mentioned problems.
The chapter is organized as follows: Section 2 presents a brief review of Sb-SDFT. Section 3
evaluates and compares the four selected Sb-SDFT algorithms in diverse operational conditions, identifying the similarities between them. In order to mitigate the inaccuracies resulting
from the spectral leakage effect, a scheme for coherent sampling based on VSPT is introduced
in Section 4. Altogether a unified model is also presented to generalize this scheme to all SbSDFT along with simulation results. Finally, the conclusions of this chapter are drawn in
Section 5.

2. Single-bin sliding discrete Fourier transform
The discrete Fourier transform (DFT) is a numerical approximation of the theoretical Fourier
transform (FT) of a continuous and infinite duration signal. It represents the most common tool
for engineers to extract the frequency content of a finite and discrete signal sequence, obtained
from the periodic sampling of a continuous wave form in time domain.
Let us consider a continuous time signal xðtÞ that is sampled at the rate f s ¼ N · f o (where f o is
the fundamental frequency of xðtÞ) to produce the time sequence x½n�. Then the DFT of the
sequence x½n� is defined as:
N−1

n
XðkÞ ¼ ∑ x½n�W −k
N
n¼0

(1)

where XðkÞ is the DFT output coefficient, W N ¼ ej2π=N is the complex twiddle factor, N is the
sequence length, k is the frequency domain index ð0 ≤ k ≤ N−1Þ, and n is the time domain
index [1].
If Eq. (1) is not properly designed and implemented, the DFT calculation in real-time might
represent a considerable bottleneck when developing a DFT-based estimation algorithm, in
terms of both measurement reporting latencies and achievable reporting rates. In this respect,
in order to improve both latencies and throughput, several efficient techniques to compute the
DFT spectrum have been proposed in literature, which can be classified as nonrecursive and
recursive algorithms. Among the nonrecursive class, the fast Fourier transform (FFT) algorithm is extensively used for harmonic analysis over an extended portion of the spectrum.
When, on the other hand, only a subset of the overall DFT spectrum is necessary to accomplish
the desired estimate, the so-called single-bin sliding DFT (Sb-SDFT) turns out to be very
effective.
The DFT can also be computed by recursive algorithms which are characterized by a minor
number of operations to calculate a single DFT bin. Regardless of this advantage with respect
to the class of nonrecursive algorithms, the performances of the two categories usually are not
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the same. Especially, most of the algorithms in the recursive category suffers of errors due to
either the approximations made to perform the recursive update or the accumulation of the
quantization errors related to a finite word-length precision [2, 3].
In what follows, four of the most efficient techniques to compute a portion of the DFT
spectrum, namely the sliding discrete Fourier transform (SDFT), the sliding Goertzel transform
(SGT), the Douglas and Soh algorithm (D&S), and the modulated sliding discrete Fourier
transform (mSDFT) will be presented and described.
2.1. Sliding discrete Fourier transform
A very effective Sb-SDFT method for sample-by-sample DFT bin computation is the so-called
sliding discrete Fourier transform (SDFT) technique [4]. Starting from Eq. (1), the DFT can be
potentially updated every time-step n, based on the most recent set of samples within a sliding
window {x½n�N þ 1�, x½n�N þ 2�, …;x½n�}. The time window is advanced one sample at a time,
and a new N-point DFT is calculated. Figure 1(a) illustrates the time domain indexing within
the sliding window by showing the input samples used to compute k-bin of an N-points DFT
when n ¼ no . The principle used for SDFT is known as the DFT shifting theorem, or the
circular shift property [1].
Based on this property, the SDFT can be recursively implemented to calculate Eq. (1) for a
desired k-bin, as:
Xk ½n� ¼ W kN Xk ½n�1�−x½n�N� þ x½n�

(2)

where Xk ½n� is calculated by phase shifting the sum of the previous Xk ½n�1� with the difference
between the current and delayed input sample, x½n� and x½n�N�, respectively [4, 5]. The
complex output of the SDFT could be rewritten as:
Xk ½n� ¼ Xrk ½n� þ jXik ½n�

(3)

where Xrk ½n� and Xik ½n� are real and imaginary components of the DFT output coefficient,
respectively. The SDFT provides an accurate estimation for the kth component as its amplitude
(Ak ½n�) and phase (ϕk ½n�) can be determined by computing the modulus and the argument of
the complex result Xk ½n�, as stated by

Figure 1. (a) Samples used to compute Xk ½n� within a sliding window, when n ¼ no . (b) Guaranteed-stable SDFT
implementation as IIR filter as given by (5).
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Ak ½n� ¼

2
abs ðXk ½n�Þ
N

ϕk ½n� ¼ arg ðXk ½n�Þ

(4a)
(4b)

SDFT is computationally efficient, as it only requires one (complex) multiplication and two
additions per time instant. Nevertheless, the implementation of Eq. (2) as an infinite impulse
response (IIR) filter in a system with finite word-length precision brings about a rounding
error in the implementation of the W kN coefficient, which may turn the algorithm unstable and/
or increment the estimation error. The first one is a direct consequence of wrong cancellations
between singularities and by poles displacement outside the unit circle [2, 3]. Commonly, a
damping factor (r, with 0 < r < 1) is used to ensure that all singularities are placed inside the
unit circle, hence instability is no longer an issue. Then, the intrinsically stable version of the
SDFT is
N
~
~ k ½n� ¼ rW k X
X
N k ½n�1�−r x½n�N� þ x½n�

(5)

~ k ½n� is the estimated DFT output coefficient. While Eq. (5) is numerically stable, it no
where X
longer computes the exact value of XðkÞ in Eq. (1), since a small error is induced by the
damping factor. The z domain transfer function for the estimated kth bin of the SDFT is
HS DFT ðzÞ ¼

1−rN z−N
1−rW kN z−1

(6)

The stable SDFT algorithm given by Eq. (5) leads to the filter structure shown in Figure 1(b).
This structure is basically an IIR filter that comprises a comb filter followed by a complex
resonator. The comb filter makes the transient response N−1 samples in length; therefore, the
output will reach steady state when the stored waveform equals the input signal.
2.2. Sliding Goertzel transform
The number of multiplications required in the SDFT can be reduced by creating a new pole/
zero pair in its HSDFT ðzÞ system function. This is achieved by multiplying the numerator and
−1
denominator of H SDFT ðzÞ in Eq. (6) by the factor ð1−rW −k
N z Þ yielding:
H SGT ðzÞ ¼

−1
N −N
ð1−rW −k
N z Þð1−r z Þ
−1
1−2r cos ð2πk=NÞz þ r2 z−2

(7)

The transfer function represented by Eq. (7) is commonly known as the sliding Goertzel
transform (SGT). Because the poles are placed on the z domain unit circle, the SGT implementation is also potentially unstable. Once more a damping factor r can be used in Eq. (7), to move
the singularities inside the unit circle and to ensure the system stability.
This method can be implemented by the following pair of finite difference equations:
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v ½n� ¼ C1 v ½n�1�−C2 v ½n�2� þ x½n�−rN x½n�N�

(8a)

~ k ½n� ¼ v ½n�−rW −k v ½n�1�
X
N

(8b)

where C1 ¼ 2r cos ð2πk=NÞ and C2 ¼ r2 , with 0 < r < 1. The SGT is implemented as an IIR
filter that consists of a comb filter followed by the standard Goertzel filter, as depicted in
Figure 2(a). The resulting system only has real coefficients so its computational complexity is
decreased in relation to that of the SDFT [6, 7].
2.3. Douglas and Soh algorithm
The implementation of a SDFT or SGT requires a damping factor to guarantee the algorithm
stability. The trade-off for the system stability is that the calculated value is no longer exactly
equal to the kth-bin of an N-point DFT in Eq. (1). In Ref. [8], a technique that significantly
reduces this error, without compromising the stability, is developed. This method is a period~ k ½n� output that is mathematically equal
ically time-varying system designed to generate an X
to XðkÞ in Eq. (1) at every Nth time instant.

This technique is implemented by the following pair of finite difference equations:
(
k ~
~ k ½n� ¼ rW N X k ½n�1�−rx½n�N� þ x½n�, ðn modNÞ ¼ 0 ðaÞ
X
~ k ½n�1�−rx½n�N� þ x½n�,
else
ðbÞ
W kN X

(9)

The algorithm described by Eq. (9) will be referred to as the Douglas and Soh algorithm (D&S).
The filter implementation of Eq. (9), shown in Figure 2(b), requires two multiplications and
two additions as well as the control logics to determine when n mod N ¼ 0. In the figure, the

Figure 2. (a) Guaranteed-stable SGT implementation as IIR filter as given by (8). (b) Guaranteed-stable D&S algorithm
implemented as IIR filter as given by (9).
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change between Eqs. (9a) and (9b) is performed by switch S1 Therefore, the switching period of
S1 in Figure 2(b) is equal to N · T s , where T s is the sampling period, and its duty cycle is equal to
one sample. It is worth mentioning that the effect of the nonlinear operation of D&S algorithm in
the dynamic response is negligible as it only changes its structure every N samples.
2.4. Modulated sliding discrete Fourier transform
There is an alternative way of avoiding the reduction in accuracy generated by the damping
factor, without compromising stability. SDFT implementation in Eq. (2) is marginally stable,
however, for the particular case of k ¼ 0 (DC component estimation). It takes the following
form:
X0 ½n� ¼ X0 ½n�1�−x½n�N� þ x½n�

(10)

The absence of the W kN coefficient, which typically leads to stability issues when it is
represented with finite precision, allows to implement the recursive expression without the
damping factor r. Therefore, the recurrence in Eq. (10) is unconditionally stable and does not
accumulate errors. The modulated sliding discrete Fourier transform (mSDFT) algorithm uses
the Fourier modulation property to effectively shift the DFT bin of interest to the position k ¼ 0
and then use Eq. (10) for computing that DFT bin output. This is accomplished by the multin
plication of the input signal x½n� by the modulation sequence W −k
N . This approach allows to
exclude the complex twiddle factor from the resonator and avoids accumulated errors and
potential instabilities [9]. The recursive realization of the mSDFT is:
−kðn�NÞ

X0k ½n� ¼ X0k ½n�1�−x½n�N�W N

Xk ½n� ¼ W kNn X0k ½n�

n
þ x½n�W −k
N

(11a)
(11b)

where X0k ½n� is a complex constant related to the phase of the complex twiddle factor, since the
modulation moves the desired kth-bin to k ¼ 0 (0 Hz). The relation between the desired Xk ½n�
and the computed X0k ½n� is given by Eq. (11b). It is worth noticing that if the application only
requires DFT magnitude estimation, the complex multiplication in Eq. (11b) is unnecessary
because jX0k j is equal to jXðkÞj. The filter structure of the mSDFT algorithm in Eq. (11) is
depicted in Figure 3(a). In contrast of traditional recursive DFT algorithms, the mSDFT method

Figure 3. (a) Guaranteed-stable mSDFT implementation as IIR filter as given by (11). (b) Guaranteed-stable mSDFT
implementation as IIR filter as given by (12).
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is unconditionally stable and does not accumulate errors because its singularities are exactly
placed on the unit circle, regardless of the finite precision used. These advantages are possible
due to the removal of the complex twiddle factor from the resonator loop.
If multiple DFT frequency bins are to be computed, the mSDFT in Eq. (11) requires a comb
n
filter for each frequency bin. On the other hand, given the periodicity of W −k
N , as shown in Ref.
[9], Eq. (11) can be rewritten as
n
X0k ½n� ¼ X0k ½n�1� þ W −k
N ð−x½n�N� þ x½n�Þ

(12a)

Xk ½n� ¼ W kNn X0k ½n�

(12b)

Whenever multiple DFT frequency bins are to be computed, Eq. (12) becomes a more efficient
approach as only one comb filter is needed (Figure 3(b)).

3. Performance comparison
This section discusses the key features of each of the Sb-SDFT that were presented in Section 2.
The aim of this analysis is to find underlying similarities and differences between these
methods. To this end, a study on statistical efficiency and accuracy is presented in the following subsections. Finally, the section ends with a discussion over the limitations and inaccuracies of the Sb-SDFT inherited by every DFT-based method.
3.1. Statistical efficiency
It is common knowledge that the statistical efficiency and noise performance of estimators is
determined by comparison with the Cramer-Rao lower bound (CRLB). The CRLB deals with
the estimation of the quantities of interest from a given finite set of measurements that are
noise corrupted. It assumes that the parameters are unknown but deterministic, and provides
a lower bound on the variance of any unbiased estimation. The CRLB is useful because it
provides a way to compare the performance of unbiased estimators. Furthermore, if the
performance of a given estimator is equal to the CRLB, the estimator is a minimum variance
unbiased (MVU) estimator [10].
Computer simulations have been performed to evaluate the performance of the SDFT, the
SGT, the mSDFT and D&S algorithm for a single real sinusoid polluted with white Gaussian
noise:
x½n� ¼ A cos ðω n þ φÞ þ wgn ½n�

(13)

where A and φ are the amplitude and initial phase, respectively, n is the time domain index, ω
denotes the normalized angular frequency (ω ¼ 2πf o =f s ) and wgn[n] is a zero-mean white
Gaussian noise of variance σ2n . For this case the CRLB for amplitude estimation is approximated by Kay [10]:
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CRLBA ¼

2σ2n
N

(14)

Parameters were assigned to A ¼ 1, f o ¼ 50Hz, f s ¼ 6:4 KHz N ¼ 128 and φ is a constant

uniformly distributed between ½0, 2πÞ. The signal-to-noise ratio (SNR) is equal to A2 =ð2σ2n Þ,
whereas different SNR levels were obtained by properly scaling the noise variance σ2n . All
simulation results provided are the averages of 1000 independent runs.
Figure 4(a) and (b) shows the variance in the estimate of A ðσ ^ Þ versus SNR for two different
A
damping factors. In Figure 4(a), the damping factor was fixed at r ¼ 0:999 for SDFT, SGT and
D&S algorithm. In this figure, for SNR levels below −10 dB can be observed that the σ ^ values
A
are beneath the CRLB limit. Therefore, beyond this threshold level, the estimations made by
the Sb-SDFT techniques cease to be consistent with those of an unbiased estimator. From this
threshold level and up to 15 dB, the Sb-SDFT algorithms are efficient MVU estimators, because
their σ ^ values reach the CRLB. For higher levels of SNR, the σ ^ for SDFT and SGT remains
A
A

Figure 4. (a) Variance of Â versus SNR levels for the analyzed estimators with N ¼ 128 and r ¼ 0:999. (b) Variance of Â
versus SNR levels for the analyzed estimators with N ¼ 128 and r ¼ 0:9999. (c) Variance of Â versus r for the four
estimators at SNR=80 dB. (d) Variance of Â versus N for the four estimators, with r ¼ 0:9999 and SNR=30 dB.
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above the CRLB and asymptotically approximate the −43.5 dB bound. This is mainly due to the
fact that the inaccuracy caused by the damping factor in Eqs. (5) and (8) is more relevant than
the consequence of SNR level. The D&S algorithm exhibits the same behavior, but beginning at
SNR = 60 dB and with σ ^ asymptotically approaching the −91 dB bound for higher levels.
A
When compared to the performances of the SDFT and the SGT, the D&S algorithm behaves as
an MVU estimator for a wider range of SNR, at the cost of a slightly increased computational
complexity and a nonlinear functioning. For the range of SNR levels shown in Figure 4(a)
beyond the threshold, the variance in Â computed by the mSDFT remains on CRLB curve, so
its performance corresponds to an MVU estimator.
This test was repeated for r ¼ 0:9999, and the results are shown in Figure 4(b). It is seen that
the performances of the SDFT, SGT and D&S algorithm are better than exhibited in the
previous case. This improvement is reflected through an increase in the range of SNR values
for which the estimations correspond to an MVU estimator. The results obtained for mSDFT
are consistent with those obtained previously, because this estimator does not require a
damping factor to ensure stability.
The effect of the damping factor on the σ ^ is shown in Figure 4(c). The simulation is
A
performed for SNR = 80 dB because at this level, SDFT, SGT and D&S algorithms do not lie on
CRLB curve and have converged to their final values listed in Figure 4(b). For this scenario, the
σ ^ of the mSDFT is constant and equal to the CRLB, because it does not required a damping
A
factor to achieve stability. Instead, for r ! 1 and SNR beyond threshold level, the σ ^ for SDFT,
A
SGT and D&S algorithm approximates the CRLB as it is reflected by Figure 4(c). From the
analysis of this figure, it is possible to conclude that for the ideal situation (r ¼ 1) and SNR
levels beyond the threshold, all reviewed algorithms reach the CRLB and therefore their
statistical efficiency is identical.
Finally, the σ ^ versus N at SNR = 30 dB are illustrated in Figure 4(d). As expected, N increase,
A
that is, the length of the sliding window reduces the variance of Â in the four methods. This is
mainly because the estimations are computed in a larger sliding time window, that is, more
samples are used for the estimation.
3.2. Accuracy analysis
In this section, the accuracy of the Sb-SDFT methods on the estimation of a single-frequency
signal, both in steady-state and dynamics conditions, is analyzed through simulations. The
adopted accuracy index is the so-called total vector error (TVE) that combines the effect of
magnitude, angle and time synchronization errors on the desired component estimation accuracy. The TVE is defined in the Standard IEEE C37.118.1-2011 [11] as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
^ r ½n�−Xr ½n�Þ2 þ ðX
^ i ½n�−Xi ½n�Þ2
ðX
TVE ¼ 100 ·
(15)
Xr ½n�2 þ Xi ½n�2
^ i ½n� are the sequences of estimations given by the Sb-SDFT method under
^ r ½n� and X
where X
test, Xr ½n� and Xi ½n� are the sequences of theoretical values of the input signal at the instants of
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time (n), and the subscripts r and i identify the real and imaginary parts of the desired
component, respectively. The TVE is a real number that expresses the Euclidean distance
between the true frequency domain complex bin and estimated one.
3.2.1. Steady-state condition
At first, the analysis is assessed in steady-state conditions assuming an input signal equal to
Eq. (13). Parameters were assigned to A ¼ 1, f o ¼ 50Hz, f s ¼ 6:4 KHz N ¼ 128 and φ ¼ 0 rad
and the damping factor is set to r ¼ 0:9999. The curves plotted in Figure 5(a–d) show the estimated
amplitude of the test signal for all Sb-SDFT algorithms in steady state, where the reference value is
displayed with a black solid line. Figure 5(e) shows the TVE values as a function of time. SDFTand
SGT have the same steady-state TVE values; this error has a mean value with an overlaid ripple
that is a direct consequence of the use of a damping factor in Eqs. (5) and (8). For both algorithms,
the maximum TVE value is 0.7335%. The D&S algorithm significantly reduces the TVE and
maintains the same damping factor than the two previous cases, resulting in improved system
performance, with a maximum TVE value of 0.01%. In Figure 5(c), it is shown that when (nmodN)
= 0, the estimation is accurate, which is consistent with the period of the fundamental component of
the test signal. On the other hand, mSDFT provides precise estimation with a 0% TVE, since it does
not require a damping factor to ensure stability.
3.2.2. Dynamic condition
The accuracy under dynamic condition of the SDFT, the SGT, the mSDFT and D&S algorithm
are evaluated through multiple simulations under the effect of various transient disturbances.
The comparison is performed by means of the following test signal:

Figure 5. (a)–(d) Amplitude estimation of the test signal (13) in steady-state condition using the selected Sb-SDFT
algorithms with N ¼ 128, r ¼ 0:9999 and f s ¼ 6:4 kHz. (e) TVE exhibited by the Sb-SDFT algorithms in steady-state.
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x½n� ¼ Ao f1 þ δs u½n�no � þ δr ðn�no Þu½n�no � þ

δam cos ½ωam ðn�no Þ�u½n�no �g cos ðω n þ ωg n u½n�no � þ φÞ

(16)

where Ao is the nominal amplitude, δs is the amplitude step depth factor, δr is the amplitude
ramp slope factor, δam is the modulation depth factor, ωam is the normalized modulating
angular frequency ðωam ¼ 2πf am =f s Þ, ω denotes the normalized nominal angular frequency
(ω ¼ 2πf o =f s ), ωg is the normalized off-nominal angular frequency offset (ωg ¼ 2πf g =f s ) and φ

is the initial phase. In the following, the performance of the Sb-SDFT is evaluated under the
effect of amplitude step, amplitude ramp, amplitude modulation and static frequency offsets.
The accuracy is assessed exhaustively, by varying the test signal parameters over a suitable
range, in order to determine the maximum TVE values. This approach leads to a fair performance comparison between the considered techniques. Unless otherwise stated, parameters
were assigned to Ao ¼ 1, f o ¼ 50 Hz, f s ¼ 6:4 KHz, N ¼ 128, φ ¼ 0 rad, r ¼ 0:9999, δs ¼ 0,
δr ¼ 0, δam ¼ 0, ωam ¼ 0, ωg ¼ 0 and no ¼ 0.
First, the step response of the Sb-SDFT estimators is evaluated. For this purpose, the parameters of Eq. (16) are set to: δs ¼ 0:1 and no ¼ 640. Figure 6(a) shows the estimated amplitude (Â)

Figure 6. Transients for the estimation of the amplitude of (16) and the evolution of the TVE for the selected Sb-SDFT
algorithms, under different test conditions. (a) A step change in amplitude with δs ¼ 0:1, δr ¼ 0, δam ¼ 0 and ωg ¼ 0. (b) A
ramp-change in amplitude with δs ¼ 0, δr ¼ 0:1, δam ¼ 0 and ωg ¼ 0. (c) A sudden amplitude modulation with δs ¼ 0,
δr ¼ 0, δam ¼ 0:1, ωam ¼ 2π=f s and ωg ¼ 0.
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and TVE values as a function of time when the amplitude step occurs in x[n]. Ignoring small
differences, related to the damping factor effect, the dynamic response during the transient is
the same for all the algorithms. This transient has a duration that is equal to the length of the
sliding window for all the Sb-SDFT. After the transient, the TVE values provided by the SbSDFT estimators are equal to the steady-state values shown in Figure 5(e). Further, simulation
results (not reported here for the sake of brevity) confirm that the TVE value in steady state,
due to an amplitude step, is the same regardless of the value of δs .
The accuracy of the considered estimators is analyzed in Figure 6(b), assuming that the
waveform x[n] is subjected to linear variation of its amplitude. Therefore, the parameters of
Eq. (16) were adjusted as follows: δr ¼ 0:1 and no ¼ 640, to create ramp change in the amplitude of the test signal. Once more, the Sb-SDFT exhibit similar dynamics in their amplitude
estimation performance. Figure 7(a) shows the worst-case TVE values, after the transient
response, returned by the four considered estimators as a function of δr in the range [0,0.1] p.
u.. As can be seen, the maximum TVE value achieved by the Sb-SDFT worsens linearly with
this parameter. In addition, a gap of 0.78% is observed, between the SDFT, SGT and the other
two algorithms, which remains constant for the analyzed range.
The effect of a modulating signal on the estimation accuracy is analyzed in Figure 6(c). Hence,
the parameters of Eq. (16) were adjusted as follows: δam ¼ 0:1, ωam ¼ 2π=f s and no ¼ 640. The
figure shows the estimated amplitude (Â) and TVE values as a function of time when the
amplitude modulation of 10% with a frequency of 1 Hz occurs in x[n]. As expected, the
dynamic behavior displayed by the Sb-SDFT estimators is similar, with the mSDFT the most
accurate of the reviewed algorithms. The curves in Figure 7(b) show the worst case TVE values

Figure 7. (a) Maximum TVE curves versus amplitude ramp slope factor δr. (b) Maximum TVE curves versus amplitude
modulation depth factor δam for a modulating frequency f am of 1 Hz. (c) Maximum TVE curves versus amplitude
modulating frequency f am with δam ¼ 0:1 p.u. (d). Maximum TVE curves versus static frequency offset f g .
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returned by the four considered estimators as a function of δam in the range ½0; 0:1�p: u: with
f am ¼ 1 Hz. Figure 7(c) shows the worst case TVE values given by the Sb-SDFT as a function of
f am in the range ½0, 5� Hz with δam ¼ 0:1p: u: Note that the TVE increment linearly with δam or
f am , and that the behavior of the Sb-SDFT estimators is very similar.
Finally, the influence of a simple static off-nominal frequency offset on the Sb-SDFT estimators’
performance is analyzed in Figure 7(d). The figure shows the maximum TVE values, in steady
state, when the signal (Eq. 16) phase varies as a function of the off-nominal frequency offset f g
in the range [−1,1] Hz. As expected, the accuracy of all the considered estimators degrades
monotonically as the frequency offset increases due to the spectral leakage effect.
The similarities between the Sb-SDFT algorithms found through Figures 6 and 7 are explained
by the fact that all implementations of this type of algorithms result from applying Fourier
properties and mathematical operations to standard DFT definition (Eq. 1).
3.3. Sb-SDFT limitations
The direct application of Sb-SDFT may lead to inaccuracies due to aliasing and spectral
leakage, common pitfalls inherited by every DFT-based method. Aliasing is generally
corrected by employing anti-aliasing filters or increasing the sampling frequency to a value
that satisfies the Nyquist sampling criterion. Instead, when the sampling is not synchronized
with the signal under analysis, the DFT is computed over a noninteger number of cycles of the
input signal which leads to the spectral leakage phenomenon [1]. Spectral leakage is typically
reduced (not eliminated) by selection of the proper nonrectangular time domain windowing
functions, to weigh the sequence data at a fixed sampling frequency [12]. This process
increases the computational complexity and does not take advantage of the recursive nature
of Sb-SDFT methods. Otherwise, spectral leakage can be avoided entirely by ensuring that
sequence of samples is equal to an integer number of periods of the input signal [13].

4. Coherent sampling approach
In order to avoid the spectral leakage phenomenon, the sequence of samples within a sliding
window of a Sb-SDFT must be equal to an integer number of fundamental periods of the input
signal. An integer number of periods will be sampled if and only if the coherence criterion
holds:
fo m
¼
fs N

(17)

where f o is the signal frequency, f s is the sampling frequency, N is the sampled sequence length
and m is an integer number. This is equivalent to ensuring that an integer number m of sine
periods is present in the data sample of length N, and in that case there is no spectral leakage. If
Eq. (17) holds, f s is referred to as coherent or synchronous sampling frequency.
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A variable sampling period approach, named variable sampling period technique (VSPT), was
developed by the authors to design synchronization methods that maintain a coherent sampling with the input signal fundamental frequency [14]. This technique has recently been
adapted to dynamically adjust the sampling frequency in a harmonic measurement method
based on mSDFT [15]. In Ref. [16], the VSPT is generalized so as to be used with any Sb-SDFT
algorithm.
In this section, the technique of variable sampling period is briefly described, and a unified
small-signal model, which allows to use the VSPT with any Sb-SDFT, is also presented.
4.1. Variable sampling period technique
VSPT allows to adapt the sampling frequency to be N times the fundamental frequency of a
given input signal. This technique has proven to be efficient both in three-phase and in singlephase applications yielding a robust synchronization mechanism, whose effectiveness has
been tested under different conditions and scenarios [14, 17].
Figure 8(a) illustrates the basic VSPT scheme for single-phase implementation, where the input
signal is sampled and the input phase ϕu ½n� is extracted by the phase detector. Concomitantly
with the input sampling, the reference generator provides a signal called reference phase:
ϕref ½n� ¼

2πn
N

(18)

The method achieves a null phase error (eϕ ½n�) between ϕref ½n� and ϕu ½n�, by varying the
sampling period T S ½n� as a function of eϕ ½n�. The controller Gc ðzÞ provides the value of the
sampling period and then the sampling generator produces a clock signal (CLK) that starts the
conversion and increments the reference phase. The implementation of the phase detector and
phase error calculation is key for the proper functioning of this technique. The operating
principle is based on the dynamic adjustment of the sampling frequency. An exhaustive
explanation of the key elements of this technique can be found in Refs. [14, 17].
4.2. Unified small-signal model
VSPT allows to adapt the sampling rate to a multiple of the fundamental frequency of a given
input signal, so the coherence criterion holds, thereby preventing the DFT’s shortcomings
when is used to analyze nonstationary signals. An error signal, related to the phase difference
between the fundamental component of the input signal and the reference phase, is needed to
adapt the sampling period. Based on this, phase error is feasible to develop a closed-loop
control to synchronize the sampling period.
As mentioned in Section 3, when r ! 1 and for a real input signal, the Sb-SDFT algorithms
become equivalent. Therefore, for this scenario and for small-signal conditions, these methods
supply the same estimation of the kth-bin of an N-points DFT. Based on this concept, Figure 8(b)
shows a phase error estimation scheme that employs an Sb-SDFT algorithm, which allows to
estimate the phase difference between the fundamental component of the input signal and the
reference phase. This scheme obtains the phase error signal from three basic operations, first an
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Figure 8. (a) General scheme of the variable sampling period technique, (b) phase error estimation scheme based on SbSDFT and (c) system model for Sb-SDFT with coherent sampling adjustment based on VSPT.

Sb-SDFT algorithm with k ¼ 1 is used to estimate the fundamental component (X1 ½n�) of an Npoints DFT, from a given input sequence of samples (x[n]). Then the phase of the input signal
(ϕu ½n�) is estimated by computing the argument of the complex result X1 ½n�, as stated by Eq
(4b). Finally, a simple subtraction operation is used to estimate the phase error (eϕ ½n�) between
the incoming signal and the reference.
Since all the Sb-SDFT methods are derived from Eq. (1), for small-signal condition, they are
mathematically equivalent, and the system phase error (eϕ ½n�) for small deviation is approximately equal. Therefore, a mathematical model can be extrapolated for implement the VSPT
scheme shown in Figure 8(a) with the phase error estimation scheme shown in Figure 8(b).
Figure 8(c) presents the small signal model of a coherent sampling scheme for the Sb-SDFT
algorithms based on the VSPT, which allows to avoid the spectral leakage phenomenon. The
complete mathematical derivation of this model is available in Ref. [16].
4.3. Validation
The specifications and requirements to be met by the controller (Gc(z)) are determined by the
application. Several applications require zero phase error and frequency synchronization for
normal operation. In these cases, the controller must be proportional integral to achieve zero
phase error in steady state; the resulting system being a type II system.
Then the transfer function for the controller in the z domain is
z−a 
Gc ðzÞ ¼ K
z−1

(19)

As an example of design, ω ¼ 2π · 50 rad=s and N ¼ 128 are adopted. Concerning dynamics, a
phase margin of 45° and maximum bandwidth are adopted as design criteria for Gc ðzÞ. Based
on this, and using the design methodology proposed in Ref. [15], the parameters of the
controller are K ¼ 1:7304 � 10−5 and a ¼ 0:9974, with a bandwidth of 5.905 Hz.
The estimations obtained by the Sb-SDFT algorithms with coherent sampling supplied by the
VSPT, in situations where the input signal frequency deviates from its nominal value, are
evaluated in two possible scenarios. The first simulation analyzes the effect of a frequency step
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Figure 9. (a) Evolution of the TVE for the selected Sb-SDFT algorithms when a sudden −0.5 Hz step change in the nominal
frequency occurs. (b) Maximum TVE curves versus static frequency offset f g .

of −0.5 Hz on the performance of the proposed method. Hence, the parameters of Eq. (16) were
adjusted as follows: Ao ¼ 1, f o ¼ 50 Hz, φ ¼ 0 rad, δs ¼ 0, δr ¼ 0, δam ¼ 0, ωam ¼ 0,
f g ¼ −0:5 Hz and no ¼ 640. The Sb-SDFT algorithms are set with f s ¼ 6:4 KHz, N ¼ 128,

r ¼ 0:9999 and k ¼ 1. The parameters used in the controller Gc ðzÞ, for the VSPT close loop, are
those presented in the previous example of design. Figure 9(a) depicts the effect of the frequency step change on the TVE values given by the estimated X½n� component. During the
transient, an oscillatory behavior is noticed, which may be attributed to spectral leakage given
by the noncompliance of the coherence criterion (Eq. 17) at the step change. Variations in the
estimated values are extinguished once the sampling frequency is properly adjusted by the
VSPT method to f s ¼ N · ðf o −f g Þ. Then, under a steady-state condition, the TVE values given
by the four Sb-SDFT are equal to those previous to the frequency step.

To complete the evaluation of the accuracy of coherent sampling achieved by the VSPT, the
influence of a simple static off-nominal frequency offset on the Sb-SDFT estimators performance is analyzed in Figure 9(b). The figure shows the maximum TVE values, in steady state,
when fundamental frequency of Eq. (16) varies as a function of the off-nominal frequency
offset f g in the range [−1,1] Hz. Due to the VSPT, in steady-state sampling, frequency is
coherent with the fundamental frequency of the test signal, ensuring that exactly one period
is present in the data sample of length N, and in that case, the Sb-SDFT avoids the spectral
leakage phenomenon. Therefore, compared with the results shown in Figure 7(d), the TVE
values do not worsen with f g , instead remain constant and equal to those shown in Figure 5(e).

5. Conclusions
In this work, a comparative study of four Sb-SDFT algorithms is conducted. The comparison
includes filter structure, stability, statistical efficiency, accuracy analysis, dynamic behavior and
implementation issues on finite word-length precision systems limitations. Based on theoretical studies as well as on simulations, it is deducted that all reviewed Sb-SDFT techniques are
equivalent, primarily due to the fact that they are derived from the traditional DFT, therefore in
various applications can be applied indistinctly.
It proves that SDFT and SGT have identical performances, in regard to disturbance rejection
and precision on spectral estimation. Both of these techniques are used extensively due to their
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straightforward implementation, although the two have an error in accuracy due to the use of
a damping factor. For applications requiring greater precision, this error can be reduced by
using the D&S algorithm. On the other hand, it can be eliminated by using mSDFT due to the
absence of damping factor, resulting in better performance. The results of the study have
shown that mSDFT is the best option when it comes to precision and noise rejection.
The direct application of a Sb-SDFT may lead to inaccuracies due to the spectral leakage
phenomenon, common pitfall inherited by every DFT-based method. Spectral leakage arises
when the sampling process is not synchronized with the fundamental tone of the signal
under analysis and the DFT is computed over a noninteger number of cycles of the input
signal. In this sense, a unified small-signal system model is presented, which can be used to
design a generic adaptive frequency loop that is based on a variable sampling period technique. The VSPT allows to obtain a sampling frequency coherent with the fundamental
frequency of the analyzed signal, avoiding the error introduced by the spectral leakage
phenomenon.
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Abstract
The harmonic content in electrical power systems is an increasingly worrying issue since
the proliferation of nonlinear loads results in power quality problems as the harmonics is
more apparent. In this paper, we analyze the behavior of the harmonics in the electrical
power systems such as cables, transmission lines, capacitors, transformers, and rotat‐
ing machines, the induction machine being the object of our study when it is excited to
nonsinusoidal operating conditions in the stator winding. For this, a model is proposed
for the harmonic analysis of the induction machine in steady‐state regimen applying the
Fourier transform. The results of the proposed model are validated by experimental tests
which gave good results for each case study concluding in a model proper for harmonic
and nonharmonic analysis of the induction machine and for “harmonic” analysis in an
electrical power system.
Keywords: harmonic, power quality, induction machine, nonsinusoidal, power systems

1. Introduction
Electrical power systems are an area that is receiving a great deal of attention recently. The
issues and considerations associated with electrical power systems are often misunderstood.
With the growth and expansion of power electronics and proliferation of nonlinear loads in
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electrical power system applications, the harmonics and their effects on power quality are a
topic of concern. Currently in the United States, only 15–20% of the utility distribution load‐
ing consists of nonlinear loads.
Nowadays, the recommendation from IEEE Std. 519 imposed by utilities is becoming stricter
due to the increase in proportion of nonlinear load. The problems of harmonic in the electrical
power systems are low, but their analysis can help to increase plant power system reliability.
The harmonics are a problem when their magnitude produces an electrical power system
resonance.
The analysis and modeling of the harmonics are supported for the Fourier analysis. In the
eighteenth and nineteenth century, J. B. Joseph Fourier (1768–1830) and other mathematicians
performed basic calculations of harmonics. In the 1920s and 1930s, the distortion in voltage
waveforms caused by power converters was noticed and studied. In the 1950s and 1960s, the
study of harmonics in power converters extended to the transmission of voltage in the electri‐
cal power system. Currently, the electrical power systems have a large number of nonlinear
elements that generate other waves at different frequencies. They generate these waves from
sinusoidal waveforms to network frequency. This causes a phenomenon known as harmon‐
ics. Harmonics are phenomena that cause problems for both the users and the electricity sup‐
pliers. They have various harmful effects on the equipment in the electrical network.

2. Definition of harmonics
The term harmonic comes from acoustics. It refers to the vibration of a column of air at a fre‐
quency which is a multiple of the basic frequency of repetition.
In electric signals, a harmonic is defined as the signal content at a specific frequency, which is
a multiple integral of the current frequency system or main frequency produced by the gen‐
erators. With an oscilloscope, it is possible to observe a complex signal in the domain of time.
At any moment in the given time, the amplitude of the waveform is displayed. If the same
signal is applied to a high‐fidelity amplifier, the result in sounds is a mix of frequencies. The
phase relationship does not affect the audible effects, which is acceptable in acoustics. But this
is not the case with electric signals. The position of harmonics and the phase relationship in
the harmonic from a different source can considerably alter the effects in electric signals. To
define harmonic, it is important to first define the quality of the voltage wave, which must
have a constant amplitude and frequency, as well as the sinusoidal form. Figure 1 depicts
the waveform without any content of harmonics, with a constant frequency of 60 Hz and a
constant amplitude of 1 pu.
When a periodic wave does not have a sinusoidal form, it is said to have a harmonic content.
This can alter its peak value and/or its RMS value causing alterations in the normal function‐
ing of any equipment that undergoes this voltage. The frequency of the periodic wave is
known as the fundamental frequency and the harmonics are the signals whose frequency is
an integer multiple of this frequency. Figure 2 shows a voltage wave with a content of 30% of
the fifth harmonic.
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Figure 1. Wave without harmonic content.

Figure 2. Voltage waveform with harmonic content.

3. Fourier analysis
The analysis of harmonics is the process of calculating the magnitudes and phases of the fun‐
damental and high order harmonics of the periodic waveforms. The resulting series is known
as Fourier series. It establishes a relation between a function in the domain of time and a func‐
tion in the domain of frequency.
The Fourier’s theorem states that every nonsinusoidal periodic wave can be decomposed as the
sum of sine waves through the application of the Fourier series, given the following conditions:
• The integral over one period of the function is a finite value.
• The function possesses a finite number of discontinuities in a period.
• The function possesses a finite number of maxima and minima in a period.
Coefficients and Fourier series. The Fourier series of a periodic function x(t) is expressed as:
2πnt
2πnt
x(t) = a0 + ∑ (an cos(_
+ bn sin(_
T )
T ))
∞

n=1

This constitutes a representation of periodic function in the domain of the frequency.

(1)
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In this expression, a0 is the average value of the function x(t), where an and bn are the coefficients
of the series besides being the rectangular components of the n harmonic. For the correspond‐
ing n harmonic its vector is:
An ∅ n = an + jbm

(2)

With a magnitude and an angle of phase:
_________

An = √(a 2 n + b 2 n) , ∅ n = tan −1 bn

(3)

4. Harmonic sources
Harmonics are the result of nonlinear loads which give a nonsinusoidal response to a sinusoi‐
dal signal. The main sources of harmonics are:
• Arc furnaces and other elements of arc discharge, such as fluorescent lamps. Arc furnaces
are considered as voltage harmonic generators more than current generators. Typically all
harmonics (2nd, 3rd, 4th, 5th,...) appear but the odd harmonics are predominant with typi‐
cal values with regard to the fundamental harmonic:
– The third harmonic represents 20%, and the fifth harmonic represents 10%.
– The seventh harmonic represents 6%, and the ninth harmonic represents 3%.
• Magnetic cores in transformers and rotating machines require third harmonic current to
excite the iron.
• The inrush current of transformers produces second and fourth harmonics.
• Adjustable speed controllers used in fans, pumps, and process controllers.
• Solid‐state switches which modulate control currents, light intensity, heat, etc.
• Controlled sources for electronic equipment.
• Rectifiers based on diodes and thyristors for welding equipment, battery chargers, etc.
• Static reactive power compensators.
• DC high voltage transmission stations.
• AC to DC converters (inverters).
The AC electrical power system harmonic issues are mainly due to the substantial increase of
nonlinear loads due to technological advances, such as the use of power electronics circuits
and devices, in AC/DC transmission links, or loads in the control of power systems using
power electronic or microprocessor controllers. Such equipment creates load‐generated har‐
monics throughout the electrical power system.
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Figure 3. Current and voltage of a typical six‐pulse rectifier input.

In the case of a motor drive, the AC current at the input to the rectifier looks more like a square
wave than a sine wave (see Figure 3).
The rectifier can be thought of as a harmonic current source and produces roughly the same
amount of harmonic current over a wide range of electrical power system impedances. The
characteristic current harmonics that are produced by a rectifier are determined by the pulse
number. The following equation allows determination of the characteristic harmonics for a
given pulse number:
h = kq ± 1

(4)

where:
h is the harmonic number (integer multiple of the fundamental),
k is any positive integer, and
q is the pulse number of the converter.
The harmonics 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th, etc., are the harmonics that a 6‐pulse
rectifier will exhibit and which are multiples of the fundamental. The quotient of the fun‐
damental current and the harmonic number will result in the magnitudes of the harmonic
currents (e.g., the magnitude of the 5th harmonic would be about 1/5th of the fundamental
current). When it comes to a 12‐pulse systems, a small amount of the 5th, 7th, 17th, and 19th
harmonics will be present (the magnitudes will be approximately a 10 percent of those for
a 6‐pulse drive). The induction machines are quite affected by the harmonic currents pro‐
duced by inverters. Most of these harmonics produced are integer multiples of the inverter
frequency and their magnitude will depend on the algorithm switching power semiconduc‐
tors of the inverter. It is common that there are “interharmonics” currents at the input or the
output of the inverter but they do not necessarily occur at integer multiples of the power
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supply or inverter fundamental frequency. For this reason, it needs a good design of DC link
to minimize the presence of interharmonics.
Some authors [1] agree to classify the sources of harmonic distortion in three groups: small
and predictable (harmonics generated by residential consumers), large and transient (volt‐
age fluctuations produced by arc furnaces), and large and predictable (SVC and HVDC
transmission causing characteristic and uncharacteristic harmonics). Now, if at a point com‐
mon coupling harmonic currents are not within the permissible limits, it is necessary to take
appropriate measures to comply with regulations. For example the IEEE 519‐1981, “IEEE
Guide for Harmonic Control and Reactive Compensation of Static Power Converters,” originally
established levels of voltage distortion acceptable to the distribution system for individual
nonlinear loads. This distortion is a steady‐state deviation from a sine wave of power fre‐
quency called waveform distortion [2]. Fourier series is generally used to analyze this nonsi‐
nusoidal waveform.

5. Effects of harmonics
Normally, the presence of harmonic signals in the electrical power system is rare but it is pos‐
sible that a large number of undesirable effects occur. High levels of harmonic distortion can
cause undesirable effects in the transformer, capacitor, motor or generator heating, disopera‐
tion of electronic equipment, interference with telephone circuits, etc., and it gets worse if a
resonant condition is presented. Resonance occurs when a harmonic frequency produced by
a nonlinear load closely coincides with the natural frequency of the electrical power system.
There are two forms of resonance which can occur: parallel resonance and series resonance.
Parallel resonance: The parallel resonance occurs when the natural frequency of the inductive
components of the system, connected in parallel with capacitive reactive impedance com‐
ponents are too close to the harmonic frequency of the system. If this frequency coincides
with a frequency generated by the harmonic source, it causes severe complications leading
to excessive voltages and currents, causing damage to capacitors or overheating transformer
and other electrical equipment (see Figure 4).
Series resonance: It occurs when the source harmonic current is connected in series with the
combination, also in series, of the inductive impedance of the system and the capacitive reac‐
tance of a capacitor bank (usually connected to the end of a branch supply), its impedance
being very low.
The effect of a series resonance can be a high‐voltage distortion between the inductive imped‐
ance and the capacitive reactance (see Figure 5).
5.1. Effects on cables
The current distribution through the cross section of a conductor is uniform only when the
current is a direct one. In alternating current as the frequency increases, the nonuniformity of
the current distribution becomes steeper.
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Figure 4. Parallel resonance.

Figure 5. Series resonance.
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In circular conductors, the current density increases from the center to the surface. The outer
layers are less bounded by the magnetic flow than the inner layers. This means that more
voltage is longitudinally induced with alternating current inside the conductor than on the
surface. Therefore the current density is increasing from the interior to the outer layers of the
conductor. This phenomenon is called the skin effect.
Figure 6 shows the variation of the ratio rac / rdc with regard to frequency for some wire sizes
used in electrical installations. The figure shows how the skin effect becomes more pro‐
nounced with a higher caliber (less rdc). If a conductor with a cross section acond conducts a DC
current IDC, the current density jDC = IDC / acond is uniform within the conductor and a resistance RDC
can be assigned to the conductor representing the radio between the applied voltage VDC and
the resulting current IDC, that is, RDC = VDC / IDC. For (periodic) AC currents, iACh(t), the current flows
mostly near the surface on the conductor and the current density jACh is nonuniform within the
conductor (Figure 6). In general, RDC / RACh, the higher the order h of the harmonic current iACh(t)
the larger is the skin effect.

Figure 6. DC resistance R DC versus AC resistance R ACh.

5.2. Effects on transformers
The normal operating conditions of the transformer is a well‐researched subject. In fact,
many steady‐state and transient models are available. The transformer can be modeled into
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two‐state regime: transient model and steady‐state model. The transient model needs much
computation time, while the steady‐state model requires less amount of computation time
as it takes place in phasor analysis in the frequency domain to analyze the behavior of the
transformer.
However, the material with which the core of the transformers is built has nonlinear char‐
acteristics. These nonlinear characteristics are neglected by the transformer models that use
linear techniques. They exhibit three types of nonlinearities that make their analysis diffi‐
cult: saturation effect, hysteresis (major and minor) loops, and eddy currents. The factors that
influence additional losses and the generation of harmonic signals in the transformer are the
temperature and possible resonance between transformer winding inductance and supply
capacitance. In addition, if the losses in the transformer are considered, then the modeling
becomes complicated, for that reason those losses are neglected according to the following
expression,
Pfe = Phys + Peddy = Khys (Bmax) f + Keddy (Bmax) f 2
s

2

(5)

Where Phys, Peddy, Bmax and f are hysteresis losses, eddy‐current losses, flux density, and funda‐
mental frequency system, respectively. Khys is the constant of the type of iron used and Keddy is
the eddy‐current constant for the conductive material. S is the Steinmetz exponent ranging
from 1.5 to 2.5 depending on the operating point of transformer core. Figure 7 illustrates a
relatively simple and accurate frequency‐based linear model.
In Figure 7, Rc is the core loss resistance, Lm is the magnetizing inductance, and Rp, R ' s, Lp and L ' s
are the resistances and inductances of the primary and secondary windings of the transformer,

Figure 7. Linear single‐phase, steady‐state transformer model for sinusoidal analysis.
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respectively. Superscript ’ is used for quantities referred from the secondary winding to the
primary winding of the transformer. Losses in transformers consist of losses with no‐load or
core and load losses, which include I 2 R losses, eddy current losses, and additional losses in the
tank, fasteners, or other iron parts. The effect of the harmonics on each type of loss is explained
below:
• No‐load or core losses: they are produced by the excitation voltage in the core. The voltage
waveform in the primary winding is considered as sinusoidal independently of the load
current. Thus, the losses are not expected to increase when load currents are nonsinusoi‐
dal. Although, the magnetizing current contains very weak harmonics compared with the
harmonics current load, so their effects on the total losses are minimal.
• Joule losses: if the load current contains harmonics, these losses will also increase due to
the skin effect.
• Eddy current losses: these losses at fundamental frequency are proportional to the square
of the current load and the square of the frequency. Then, there might be an excessive
increase of losses in the windings conducing nonsinusoidal current loads (and thus also in
its temperature).
• Additional losses: these losses cause the temperature to increase in the structural parts of
the transformer and, depending on the type of transformer, they will or will not contribute
to the hottest temperature in the winding.
The generation of harmonic signals in the transformer plays an important role in the model
of such electrical machines. The methodology for the harmonic design of a transformer is
as follows: First is the construction and design where mainly the nonlinearity of the core
is analyzed that causes nonsinusoidal magnetizing and core‐loss currents. The relationship
between the parameters and variables of the model of the transformer with respect to the
generated harmonic frequencies would be the next step. In the following references, several
harmonic models for transformers have been proposed and implemented with respect to
time‐domain simulation [3–8], frequency‐domain simulation [9–12], combined frequency‐
and time‐domain simulation [13, 14], and numerical (e.g., finite‐difference, finite‐element)
simulation [15–21]. Most previous references considered the influence of skin effects and
proximity effects in the harmonic model. The problem with this model is the determination
of the magnetizing currents and losses in the core, as these are the main harmonic sources in
the transformer (see Figure 8).
In the previous figure, Rp, ip, and Vp are the resistance, current, and voltage of the primary wind‐
ing, Lpl is the leakage inductance, iexc, icore and imag is the excitation, core, and magnetization cur‐
rents and ep is the potential difference in the primary. For the second winding of transformer
correspond to the variables: Rs, is and Vs are the resistance, current, and voltage of the second‐
ary winding and Lsl is the leakage inductance. The triplen (i.e., 3rd, 9th, 15th…) harmonic
currents cannot propagate in distribution transformers downstream but circulate in the pri‐
mary delta winding of the transformer causing localized overheating. With linear loading,
the three‐phase currents will cancel out in the neutral conductor called homopolar currents.
However, when nonlinear loads are being supplied, the triplen harmonics in the phase cur‐
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Figure 8. General harmonic model of a transformer.

rents do not cancel out, but instead add cumulatively in the neutral conductor at a frequency
of predominately 180 Hz (3rd harmonic), overheating the transformers and occasionally caus‐
ing overheating and burning of neutral conductors. Typically, the uses of appropriate “K fac‐
tor” rated units are recommended for nonlinear loads.
5.3. Effects on the capacitors
The capacitors are used in the electrical power systems for voltage control, reactive power
compensation, filtering of signals, and in many cases power‐factor correction. For this latter
topic, there are two different types of power factor that must be considered in the case when
voltage and current waveforms are nonsinusoidal. The first type of power factor is the input
displacement factor (IDF), which refers to the cosine of the angle between the fundamental
frequency of the voltage and current waveforms. If the harmonic content increases, then the
distortion factor will decrease as the total power factor (PF) being the product of the input
displacement factor and the distortion factor.
The use of systems and control equipment have increased considerably since the 1990s
including electronic loads fed by residential feeders, arc furnaces in industrial networks, etc,
resulting in a power quality poor of electrical power systems and an increase in the harmonic
disturbances operating to low power‐factors, which causes increases line losses, poor volt‐
age regulation, and other factors. The capacitor is very important in the harmonic analysis
because it provides the response system at fundamental and harmonic frequencies and it is
in the capacitor banks where the issues with harmonics often occur resulting in fuse blowing
and/or capacitor failure.
For this reason, it is important to know whether capacitors form either series or parallel reso‐
nant circuits, which increase and distort their electrical variables. There are many solutions to
these problems: changing location capacitors as well as its size, producing an alteration in the
frequency of system response, also altering source characteristics, and designing harmonic
filters. The presence of series/parallel resonances can result in unacceptable stresses regard‐
ing the equipment installation so it is recommended to use joint capacitor banks for power‐
factor correction and reactive power compensation, although excessive use of capacitors in
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the power networks causes problems that affect power quality, especially in the presence of
harmonics.
In summary, the capacitors are important components within an electrical power system
because they offer power‐factor correction, voltage control/regulation, and filters with special
design although its use continue may cause problems associated with capacitor switching
and series resonance. In most cases, triplen (multiples of 3) and even harmonics do not exist
in a three‐phase system because they are uncoupled (see Figure 9). There are some cases in
which harmonic triplen of zero sequence may exist within the three‐phase power systems
because the triplen harmonics are very dominant in single‐phase systems, unlike even har‐
monics because these are mostly negligibly small within single‐ and three‐phase systems.
Both factors are equal when harmonic is not present.

Figure 9. Equivalent circuit of induction motor with displacement FP correction capacitor bank.

5.4. Effects on rotating machines
Fourier Transform offers a method that allows the expression of the nonsinusoidal periodic input
signals as a sum of the sinusoids. Each one of these sinusoidal components is supposed to be
applied to a linear system. Their particular response as a sinusoid is determined by means of pha‐
sors and H(jω). If there is a unique pulse instead of a stream of periodic repetitive waves, the pha‐
sors and the Fourier series cannot be used to express such pulses. In order to express them, the
Fourier series needs to be generalized in the Fourier Transform. In this way, the series can operate
not only with all periodic input signals, but also with many other types of nonperiodic pulses.
The Fourier Transform is the analytical tool that finds the way in which such functions of time,
for example the sinusoids, the impulses, etc., can be expressed in the domain of frequency.
This Fourier Transform can be used for the analysis and the detection of failure in induction
machines. The most likely faults in induction machines are broken rotor bars, bearing dam‐
age, short circuits, and eccentricity. Most failures in induction machines can be sorted in two
groups: isolation failures and mechanical failures. The coil short‐circuits in the stator winding
are characteristic in isolation failures, while mechanical faults has to do with the rotor. Among
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the most significant rotor failures are the bearing damage, rotor broken bars and rings, static
and dynamics eccentricities, voltage unbalances, etc. The electrical faults in machines are domi‐
nated by failures in bearings and stator coils. These failures are summarized in Figure 10.

Figure 10. Failure statistics in induction machines.

To establish the level of failures in the induction machines it is necessary to develop a meth‐
odology that consists of finding the machine slip using only the stator current. This parameter
could be used for many applications, but in this case the focus is on fault detection based on
the fact that an unbalanced machine, when supplied with a three‐phase balanced voltage, pro‐
duces specific components in the stator current whose magnitude and frequency depends on
the asymmetry level and the nature of the fault. This is based on the current signal spectrum
decomposition, analyzed via the Fourier Transform. Another very important aspect of induc‐
tion machines to establish the level of failures is the detection monitoring of the mechanical
faults [22–24]. Vibration monitoring is the most reliable method for assessing the overall health
of a rotor system. The spectral analysis of vibrations has been used in rotating machines fault
diagnosis for decades as this method, in time domain, is more effective for calculating some
simple quantities as root mean square (RMS), kurtosis, crest factor, etc., but the problem is that
they often do not offer enough information on the vibrations for a thorough diagnosis [25].
To the analysis of the systems in the harmonic domain of the polyphase AC, the concept was
presented by Nikola Tesla [26] in 1888, there was a competition between AC and DC systems.
Steinmetz [27], Richter [28], Kron [29], Veinott [30], Schuisky [31], Bodefeld [32], Alger [33],
Umans et al. [34], Lyon [35], and Say [36] were the pioneers in the study of single‐ and three‐
phase induction machines which published in this area of expertise, being the most recent
Matsch [37], Chapman [38], and Fuchs et al. [39, 40].
The studies were carried out under transient and steady‐state conditions. Currently, electri‐
cal power systems are affected by the insertion of nonlinear components and loads and the
three‐phase machines are subjected to nonsinusoidal operating conditions not taking into
account the harmonic signals generated in voltage and/or current on three‐phase induction
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machines causing a poor power quality and these in turn, abnormal operation, static and
dynamic rotor eccentricities, excessive saturation of iron cores, one‐sided magnetic pull due
to DC currents, shaft fluxes and associated bearing currents, mechanical vibrations, dynamic
instability when connected to weak systems, increasing copper losses, reduction of overall
efficiency, generation of inter‐ and subharmonic torques, production of (harmonic) resonance
and ferroresonance conditions, failure of insulation due to high voltage stress caused by quick
changes in supply current and lightning surges, unbalanced operation due to an imbalance
of power systems voltage caused by harmonics, etc. For that reason, it is necessary to analyze
the machine and get a harmonic model of induction machine for loss calculations, harmonic
torque calculations, and harmonic power flow studies.
5.5. Three‐phase induction machine model
Figure 11 illustrates an equivalent circuit simple and accurate frequency‐based linear model
to fundamental frequency and Figure 12 shows a complete linear of a three‐phase induction
machine for harmonic analysis. The nomenclature is the following: ωes is the fundamental
angular frequency (or velocity) and s is the fundamental slip. The core‐loss resistance are
neglected, LM is the (linear) magnetizing inductance, rs, Lls, r ' r ∧ Llr are the stator and the rotor
(reflected to the stator) resistances and leakage inductances, respectively [41].

Figure 11. Complete linearity of a three‐phase induction machine for sinusoidal analysis.

Figure 12. Complete linearity of a three‐phase induction machine for harmonic analysis.

When the concept changes, i.e., when it is a doubly fed induction machine, the harmonics can
be generated by both windings of the machine: harmonics generated in the stator winding
voltage source with frequencies fsh = h fes and harmonics generated in the rotor winding voltage
source with frequencies frh = h fer, where h is an integer number. However, it is necessary to know
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that the harmonics induced in the rotor winding, due to harmonics in the stator winding, are
not harmonics of the rotor fundamental frequency and therefore they cannot be called harmon‐
ics but subharmonic or interharmonic.
When a harmonic voltage source with frequency h fes fed to the stator winding of the induction
machine the rotor is short circuited. This machine's model is a well‐accepted steady‐state,
with all the parameters seen from the stator, as showed in the circuit in Figure 12. Then the
equation that represents the circuit is:
r + jh ωes(Lls + LM)

s
sh
[0] = [

V

jh ωes LM

Ish
'
[
r / sh + jh ωes(L + LM)] Irh]
jh ωes LM

'
r

'
lr

±h ωes − ωr
sh = ________
±h ω
es

(6)

(7)

where:
The sign − is used for negative and + for positive sequence, respectively. Harmonics have
different behavior for each sign, i.e., for negative is h = 3k − 1 for k = 1, 2, 3, … and the positive
sequence behavior are h = 3k + 1 where the most common harmonics are the 5, 7, 11, 13, 15, 17…
known as the characteristic harmonics. Solving the equation of the voltage equation we obtain
the harmonic phasors current of a harmonic voltage source in the stator winding. If it analyzed
it in its own winding with an analysis in the time domain, we have,

| |

ish = Ish cos(h ωes t + ϕsh)

(8)

irh = Irh' ∨ cos(sh h ωes t + ϕrh' ∓ θef)

(9)

If zero sequence corresponding to the harmonic h = 3k, then the circuit of Figure 12 is invalid
since the induction machine zero sequence works with two uncoupled windings observed in
Figure 13, where the voltages are given by,

Figure 13. Induction machine triplex harmonic model seen from stator.

Vsh = (rs + jh ωes Lls)Ish

(10)
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Vrh = (rr + jh ωer Llr)Irh

(11)

The solution of the last equation gives the harmonic current phasors because of their respec‐
tive voltage sources: i.e., Ish = Ish ∠φsh and Irh = Irh ∠φrh. Their representations in the time domain
in their respective windings are:

||

||

| |

(12)

| |

(13)

ish = Ish cos(h ωes t + ϕsh)
irh = Irh cos(h ωer t + ϕrh)

The general solution for balance conditions including voltage sources at fundamental and
harmonic frequencies in the stator and rotor are:
is = ∑ Hh=1 Ish cos(h ωes t + φsh) + ∑ Hh=1,3k+1 Ish‘ cos( srh h ωer t + ϕsh‘ + θef)

| |
+∑
| I |cos( s
H
h=3k−1

| |

h ωer t + ϕ − θef)
rh

‘
sh

‘
sh

(14)

The first summation includes all harmonic current generated in the nonsinusoidal source volt‐
age in the stator winding, which contains positive, negative, and zero sequence harmonics. The
second summation includes all the current harmonics generated for the induction effect of the
positive sequence voltage source harmonics in the rotor winding. The third summation includes
all the current harmonics generated for induction effect of the negative sequence voltage source
harmonics in the rotor winding [42]. This procedure is the same for the rotor winding:

| |

H
ir = ∑h=1
Irh cos(h ωer t + ϕrh) + ∑

| |

h=3k−1

+ ∑
H

|I |cos(s h ω

h=1,3k+1
H

‘
rh

h

Irh‘ cos(sh h ωes t + ϕrh‘ + θef)

es

t + ϕrh‘ − θef)

(15)

To validate the proposed model, a three‐phase induction machine of ¼ H.P., 208 V, and 1.3 A
is utilized for experimental validation. It is important to mention that a three‐phase program‐
mable voltage source of 200/208V at 50/60Hz and 24A capable of generating harmonic signals
is used as the main voltage source to supply induction machine.
Table 1 shows the parameters of the induction machine. The proposed model in steady‐state
model is compared with the dynamic equations of the induction machine and the results of
experimentation. It should be considered that for all the study cases a mechanical torque of
0.3 N·m was used.
The results from the proposed model (steady‐state) are compared with those obtained in the
laboratory (measurement) and compared with those obtained from the simulated complete
model (dynamic), once the steady‐state has been attained.
5.5.1. Case I. Stator‐fed induction machine and rotor short‐circuited
In this case, a sinusoidal three‐phase balanced voltage source of 80 V at 60 Hz in the stator
winding excites the induction machine with the connections in the rotor in short‐circuit. The

Fourier Analysis for Harmonic Signals in Electrical Power Systems
http://dx.doi.org/10.5772/66730

results of the waveforms of the stator and rotor harmonic currents of both the simulation and
the experimentation are shown in Figures 14 and 15, respectively and we can see that the
results match in the analysis.
Parameters

0.23 H.P/175 W

Number of poles

4

Inertia

0.0068 kg·m2

Nominal line current

1.3 Amps

Nominal line‐to‐line voltage

120 Vrms

Nominal torque

2.481 N·m

Nominal frequency

60 Hz

Stator resistance, r

14 Ω

s

Stator inductance, L

9H

Rotor resistance, r

7.7 Ω

ls

r

Rotor inductance, L

9H

lr

Magnetizing inductance, L

mr

= L

ms

Rotor speed

155 H
1500 rpm

Table 1. Induction machine parameters.

5.5.2. Case II. Stator‐fed induction machine at harmonic frequencies
For this case, the nonsinusoidal voltage source at 120 V at 60 Hz which excites the stator
winding contains harmonic of the third, fifth and seventh order while the rotor winding is
short‐circuited. The voltage harmonic components magnitude and angle are 40 ∠ 113° V,
24 ∠ 42.85° V, and 17.1428 ∠ 137.15° V for the third, fifth, and seventh harmonic, respec‐
tively. Figures 16 and 17 show the resulting currents in the stator and rotor of the induction
machine. The results in steady‐state clearly match those obtained by measurement and with
the dynamic model.
The harmonic slips for each harmonic component are s0.3342, s5 = 1.1332 and s7 = 0.9047. The
induced frequencies in the rotor are obtained with (sh × h × ωes) / 2π : the fundamental frequency
in the stator induces (0.3342 × 377) / 2π = 20 Hz in the rotor; the fifth harmonic in the stator
induces (1.1332 × 5 × 377) / 2π = 340 Hz in the rotor; and the seventh harmonic in the stator induces
(0.9047 × 7 × 377) / 2π = 380 Hz in the rotor. These frequencies are not harmonics of the fundamen‐
tal frequency in the stator (integer multiples of 60 Hz), but the seventeenth and nineteenth
harmonic of the rotor fundamental frequency (integer multiples of 20 Hz). These frequencies
induced in the rotor cannot be called as harmonic frequencies are not integer multiples of the
fundamental frequency but are to be noted that the harmonic seventeenth and nineteenth of
the fundamental frequency of the rotor.
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Figure 14. Stator current at fundamental frequency.

Figure 15. Rotor current at fundamental frequency.

Figure 16. Stator current at harmonic frequencies.

5.5.3. Case III. Stator‐fed induction machine with six‐pulse voltage source
It is considered that a nonsinusoidal three‐phase balanced voltage source of 120 V at 60 Hz
excites to the induction machine in the stator winding with the rotor windings in short‐circuit.
The voltage source is six‐pulse as shown in Figure 18 with harmonics components in Table 2.
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Figures 19 and 20 show the current waveforms obtained from measurement and from
simulation.
Table 3 summarizes the harmonic currents in the induction machine for the case studies. Note
that the waveform current has been attained from the current shown in this table, which have
been obtained from the solution of the equations mentioned in the previous section.

Figure 17. Rotor current at harmonic frequencies.

Figure 18. Three‐phase voltage source.
Harmonic components
5th

7th

11th

13th

17th

19th

23th

25th

Voltage (%) 20.3

13.8

9.35

7.17

6.3

4.6

4.4

2.3

Degrees

88.1

175

83.7

‐17

88

‐166

101

163

Table 2. Harmonic components.

Harmonic analysis in the electrical power systems becomes increasingly necessary since by
the proliferation of nonlinear loads the problems of power quality and especially the harmon‐
ics signals are more apparent. The proposed model analyzes the behavior of the induction
machine under nonsinusoidal operating conditions for the inclusion of harmonics signals in
the stator winding voltage source. In the end, the results of the steady‐state proposed model
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Figure 19. Stator current with six‐pulse voltage source.

Figure 20. Rotor current with six‐pulse voltage source.
Case
study

Stator current

Case I

+

0.588

‐0.72

60

+

3

2.57

19.8

Case II

+

0.588

0.72

60

+

3

2.57

19.8

+

0.111

‐1.39

420

+

0.2

1.8

322.9

−

0.216

‐1.34

300

−

0.17

1.74

397

0

1.07

‐1.09

180

+

2.1

14.1

60

+

1.8

40.9

9.6

−

0.79

4.2

300

−

1.32

222.9

48

+

0.38

178

420

+

2.81

‐42.1

67.2

−

0.152

166.9

660

−

0.80

28.6

105.6

+

0.115

‐16.4

780

+

0.56

117.5

124.8

−

0.067

‐24.3

1020

−

0.15

204

163.2

+

0.057

150.1

1140

+

0.24

‐63.3

182.4

−

0.032

142.1

1380

−

0.12

14.1

220.8

+

0.029

‐38.6

1500

+

0.13

92.2

240

Case III

Rotor current

Seq. (+, − , 0) Magnitude Angle Frequency (Hz) Sequence (+, − , 0) Magnitude Angle Frequency (Hz)

Table 3. Summary of the harmonic currents for the cases studies.
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are compared with the results obtained in transient‐state and both models are validated by
experimental tests in the laboratory getting the same results for each case validating the pre‐
cision and accuracy of the proposed model besides that this model is proper for harmonic
and nonharmonic analysis of the induction machine exciting only to the stator winding. This
model also can be used for “harmonic” analysis in an electrical power system.
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Abstract
Electrical motors are vital components of many industrial processes and their operation
failure leads losing in production line. Motor functionality and its behavior should be
monitored to avoid production failure catastrophe. Hence, a high‐tech DSP processor is a
significant method for electrical harmonic analysis that can be realized as embedded sys‐
tems. This chapter introduces principal embedded design of novel high‐tech 1024‐point
FFT processor architecture for high performance harmonic measurement techniques.
In FFT processor algorithm pipelining and parallel implementation are incorporated
in order to enhance the performance. The proposed FFT makes use of floating point to
realize higher precision FFT. Since floating‐point architecture limits the maximum clock
frequency and increases the power consumption, the chapter focuses on improving the
speed, area, resolution and power consumption, as well as latency for the FFT. It illus‐
trates very large‐scale integration (VLSI) implementation of the floating‐point parallel
pipelined (FPP) 1024‐point Radix II FFT processor with applying novel architecture that
makes use of only single butterfly incorporation of intelligent controller. The functional‐
ity of the conventional Radix II FFT was verified as embedded in FPGA prototyping. For
area and power consumption, the proposed Radix II FPP‐FFT was optimized in ASIC
under Silterra 0.18 µm and Mimos 0.35 µm technology libraries.
Keywords: FFT, butterfly, Radix, floating point, high speed, FPGA, Embedded, VLSI

1. Introduction
The prevalent subject of Fourier analysis encompasses a vast spectrum of mathematics where
parts may appear quite different at first glance. In Fourier analysis, the term Fourier transform
often refers to the process that decomposes a given function into the harmonics domain. This
process results in another function that describes what frequencies are in the original function.
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Meanwhile, the transformation is often given a more specific name depending upon the domain
and other properties of the function being transformed.

2. Fourier transform fundamental
Fourier transform was introduced with the main concepts of discrete Fourier transform
(DFT) [1] in the heart of most DSP processor. The DFT is a Fourier representation of a
finite‐length sequence which is the most important fundamental operation in digital signal
processing and communication system [2, 3]. However, the computation complexity of the
direct evaluation of an N‐point DFT involves a long phase computational time and large
power consumption [4]. As a result of these problems, it is important to develop a fast
algorithm. There are numerous viewpoints that can be taken toward the derivation and
interpretation of the DFT representation of a finite‐duration sequence. The sequence of
x̃(n ) that is periodic with period N so that x̃(n ) = x̃(n + kN ) functions for any integer value
of k. It is possible to represent x̃(n ) in terms of Fourier series that is represented by the sum
of sine and cosine values or equivalently complex exponential sequences with frequen‐
cies that are integer multiplies of the fundamental frequencies 2π / N associated with the
periodic sequence. The same representation can be applied to finite‐duration sequence.
The resulting Fourier representation for finite duration sequences will be referred to as
the DFT. Sequence of length N by a periodic sequence can be represented by a periodic
sequence with period N, one period of which is identical to the finite‐duration sequence.
The sampled sequence signal in frequency is defined as
∞

X(ω) =

∑ x(n)e −jωn

n= −∞

(1)

The DFT X(ω) is a function of continuous‐frequency variable ω, and the summation in Eq. (1)
extends toward positive and negative infinitively. Therefore, the DFT is a theoretical Fourier
transform of a digital signal. However, it cannot be implemented for real applications. It is the
sample of the signal in time domain at a particular time and can be expressed as:
x(n) = ∫ x(t)δ(t − tn)
∞
0

(2)

The frequency analysis of a finite‐length sequence is equal to the sample of continuous fre‐
quency variable ω at N equally spaced frequencies ωk = 2πk/N for k = 0, 1, 2, …, N ‐ 1 on the
unit circle. These frequency samples are expressed as:
2πk
X(k) = X(ωk) , ωk = ____
N

X(k) =

N−1

j2πkn

_____
∑ x (n )e − N =

n=0

N−1

∑ x(n)WNkn , k = 0, 1, … , N − 1

(3)

n=0

where the twiddle factors are defined as:
2πkn
2πkn
− j sin(_
WNkn = e −j( N )kn = cos(_
N )
N )
2π
_

(4)

The DFT is based on the assumption that the signal x(n ) is periodic. Therefore, X(k) for k = 0, 1,
…, N ‐ 1 can uniquely represent a periodic sequence x(n) of period N. The inverse DFT is the
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reversed process of the DFT. It converts the frequency spectrum X(k) back to the time domain
signal x(n) [5]:
1
x(n) = __
∑ X(k)e
N k=0
N−1

j2πkn
_____
N

1 N−1 ( ) −kn
= __
∑ X k WN , n = 0, 1, … , N − 1
N
k=0

(5)

Direct computation of an N‐point DFT according to Equation Eq. (5) requires N(N‐ 1) complex
additions and N(N‐ 1) complex multiplications. The complexity for computing an N‐point
DFT is therefore O(N2). High computation complexity in DFT algorithm and need for having
efficient Fourier processor leads for introduction of a fast Fourier transform (FFT) processor.
2.1. Fast Fourier transform (FFT) algorithm
In 1965 Cooley and Tukey [6] developed the use of FFT in order to save time and avoid unnec‐
essary complex calculations. FFT algorithm computes an N‐point forward DFT or inverse
DFT (IDFT) where N is 2 power of M. FFT algorithm divides N‐point data into two N/2‐point
series and performs the DFT on series individually results in the order of O(N / 2 ) 2 complex‐
ity as compared with the original N2 operations in an N‐point DFT. The process of dividing
can be continued until a 2‐point DFT is reached. FFT algorithm computes an N‐point forward
DFT or inverse DFT (IDFT) where N is 2 power of m. The FFT is a family of algorithms that
efficiently implements the DFT. Table 1 shows the comparison between the calculation of
direct DFT and FFT when a different number of N is applied.
DFT

Radix II FFT

Number of points

Complex addition

Complex multiplication

Complex addition

Complex multiplication

N

N(N ‐ 1)

N2

Nlog2N

(N/2)log2N

4

12

16

8

4

8

56

64

24

12

16

240

256

64

32

32

992

1024

160

80

64

4032

4096

384

192

127

16,256

16,384

896

448

Table 1. Computation complexity of DFT and FFT algorithm.

To calculate FFT algorithm, there are two well‐known methods identified as DIT‐FFT and
DIF‐FFT calculations [7–9]. In general, FFT processor has many types in terms of Fourier cal‐
culation. Taking into account different types of FFT algorithms are:
• Different Radixes, such as Radix II, Radix IV, etc., and mixed‐radix algorithms.
• DIT and DIF.
• Real and complex algorithm.
Here, further detail is provided for DIT and DIF processor.
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2.1.1. DIT Radix II butterfly FFT processor
The FFT structure divides input series into odd and even sequences. The number of stream in
FFT is N = 2m when m is a positive integer:
N
–1
xe(n) = x(2m), m = 0, 1, …., (_
2)

N
xo(n) = x(2m + 1), m = 0, 1, …., (_
–1
2)

(6)

Based on the DFT definition and combination of the FFT concept, X(k) can be written as:
N−1

N
_
( 2 )−1

N
_
( 2 )−1

n=0

m=0

m=0

X(k) = ∑ x(n)WNkn = ∑ x(2m)WN2mk + ∑ x(2m + 1 ) WN(2m+1)k
Since WN2mk

mk
= WN/2
,

(7)

the equation will be simplified as:
X(k) =

N
_
( 2 )−1

N
_
( 2 )−1

∑ xe(m)W__Nmk + WNk ∑ xo(m)W__Nmk k = 0, 1, … , N − 1

m=0

2

m=0

2

(8)

where WNk is complex twiddle factor with unit amplitude and different phase angles. The 8‐point
FFT utilizes the twiddle factors from WN0 to WN7. The first twiddle factor WN0 = 1. All twiddle factors
are distributed around the unit circle. Figure 1 shows the twiddle factor for 8‐point Fourier
transform. The twiddle factor WNk repeats itself after every multiple of N. The twiddle factors are
periodic and for 8‐point FFT twiddle factor 0 and 8 are equal.

Figure 1. 8‐point FFT twiddle factor.

High Resolution Single-Chip Radix II FFT Processor for High-Tech Application
http://dx.doi.org/10.5772/66745
( 2 )−1
N
_

mk
By assuming Xe(k) = ∑ xe(m ) WN/2
and
m=0
reduction in calculations as:

X(k) =

( 2 )−1
N
_

Xo(k) = ∑ xo(m)W__Nmk
m=0

2

, this symmetric property provides a

N
−1
Xe(k) + WNk Xo(k), k = 0, 1, … , (_
2)

{ Xe(k) − WNk Xo(k), k =

(9)

N
_
( 2 ), … , N − 1

Butterfly calculation is the fundamental concept of the FFT algorithm and 8‐point butterfly
structure is shown in Figure 2.

Figure 2. Decomposition of 8‐point DIT FFT structure.

Radix II butterfly FFT is decomposed into M stages, where M = log N2 . In each stage, N / 2 complexes
are multiplied by the twiddle factors where N complex additions are required. Therefore, the
total computational requirement is (N log N2 ) / 2 complex multiplications and N log N2 complex addi‐
tions. Consequently, expanding Radix II butterfly calculation into 8 data is shown in Figure 3.
2.1.2. DIF Radix II butterfly FFT processor
DIF‐FFT calculation is similar to the DIT‐FFT algorithm. As far as FFT calculation is involved,
the time domain sequence is divided into two subsequences with N / 2 samples: The DFT concept of x(n ) expressed as:
X(k) =

N
_
( 2 )−1

∑

n=0

x(n)W nk +
N

N−1

∑

N
n=__
2

x(n)W nk
N

N
_
( 2 )−1

(N/2)−1

n=0

n=0

= ∑ x(n)WNnk + ∑ x(n + N / 2)WNnk WN( 2 )k
N
_

(10)
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Figure 3. Decomposition of 8‐point DIT‐FFT.

Given that WN(

N
_
2 )k

= (− 1 ) k,

Eq. (10) can be simplified to:
X(k) =

N
_
( 2 )−1

∑ [x(n) + (− 1 ) k x(n + N / 2)]WNnk

(11)

n=0

Later, Eq. (11) is expanded into two parts including even X(2k ) and odd X(2k + 1 ) sam\twid‐
dle factor characteristic, Eq. (11) is simplified to:
Wn2 kn = WNkn/ 2 ,Wn(
X (=
2k )

N
  −1
2

∑
n=0

X (=
2k + 1)

2 k +1) n

= WNnWNkn/ 2


N   nk

=
N /2
 x ( n ) + x  n + 2 W




N
  −1
2

N
  −1
2

∑ x ( n )W
n=0

nk
N /2

1

N
  −1
2

(12)


N 

W
∑  x ( n ) − x  n + 2  W=
∑ x ( n )W W
n=0

nk
N

nk
N /2

n=0

2

n
N

nk
N /2

N
k=
0,1,…,   − 1
2

Similarly, 8‐point DIF FFT structure is shown in Figure 4 with detail complex calculation in
three stages. The output sequence X(k ) of the DIF‐FFT is bit‐reversed, while the input sequence
x(n ) of the DIT‐FFT is bit‐reversed. In addition, there is a slight difference in the calculation
of butterfly architecture. As shown in Figure 4, the complex multiplication is performed
before the complex addition or subtraction in the DIT‐FFT processor. In contrast, the complex
subtraction is performed before the complex multiplication in the DIF‐FFT. The process of
decomposition is continued until the last stage is reduced to the 2‐point DFT. Since the fre‐
quency samples in the DIF‐FFT are bit‐reversed, it is required to apply bit‐reversal algorithm
to the frequency samples. Likewise, the DIF‐FFT algorithm also uses in‐place computation.

High Resolution Single-Chip Radix II FFT Processor for High-Tech Application
http://dx.doi.org/10.5772/66745

Figure 4. Internal calculation of 8‐point DIF‐FFT processor.

Unlike the DIF structure, input data in DIT‐FFT is in bit‐reverse format while the output is
sorted. On the other hand, both the DIT and DIF can go from normal to shuffled data or vice
versa. In order to apply Radix II FFT structures, DIT and DIF algorithms require the same
number of operations and bit‐reversal to compute the FFT calculation. The overall performance
of the FFT processor is dependent on the application, hardware implementation, and conve‐
nience. If the design is focused on high speed structure, the processor has to take the most
efficient approach and algorithm to perform the FFT calculation accordingly. In this chapter
DIT‐FFT architecture is considered for floating‐point implementation.
2.2. Floating point FFT algorithm
Measured frequency by FFT will be subjected to quantization noise error with respect to the
real frequency. This is caused by the fact that the FFT only computes the spectrum at dis‐
crete frequencies. This error is said to affect the accuracy. In addition, spectral leakage effect
becomes very significant when small amplitude harmonics are close to large amplitude ones
since they become hidden by the energy distribution of the larger harmonics. Furthermore,
the fixed internal arithmetic calculation generates white noise in frequency domain. To reduce
the generated noise effect and enhance signal strength, floating‐point technique is designed
and implemented. The floating‐point technique allows numbers to be represented with a
large dynamic range. Therefore, floating‐point arithmetic enables the reduction of overflow
problems that occur in fixed‐point arithmetic. Although it is at the expense of throughput and
chip area size, the new architecture is designed and investigated to avoid undesired effects in
floating‐point FFT algorithm. Floating‐point arithmetic provides higher precision and a much
larger dynamic range under IEEE 754 standard [10]. Therefore, floating‐point operations sup‐
port more accurate DSP operations. Table 2 compares the efficiency between fixed‐point and
the floating‐point FFT processor.
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Fixed‐point FFT

Floating‐point FFT

16‐bit or 24‐bit

32‐bit

Limited dynamic range

Large dynamic range

Overflow and quantization errors

Less error

Higher frequency

Low frequency

Less silicon area

More silicon area

Cheaper

More expensive

Low power consumption

High power consumption

Table 2. Fixed‐point and floating‐point FFT processor properties.

In floating‐point format, the data are translated based on power and mantissa in the decimal
system. This notation can be expanded into the binary system. Representing the data in power
and mantissa system gives the data the capability of storing a much greater range of numbers
than if the binary points were fixed. Floating point refers to the “truth” of the Radix point, which
refers to the decimal point or in computers it is known as the binary point that has the capabil‐
ity to float. This entails the event to occur anywhere that is relative to the significant digit of
the number. Thus, a floating‐point representation, with its position indicated separately in the
internal representation, is a computer's recognition of a scientific concept. Although the benefit
of floating‐point representation over fixed‐point (and integer) representation is much wider in
range of values, but the floating‐point format needs more storage. Hence, the implementation of
high performance system requires applying efficient and fast floating‐point processor, which is
competitive with the fixed‐point processor. Various types of floating‐point representation have
been used in computers in the past. However, in the last decade, the IEEE 754 standard [10] has
defined the representation. According to the IEEE 754 standard [10], the single precision is cho‐
sen to represent the floating‐point data. The IEEE standard specifies a way in which the three
values described can be represented in a 32‐bit or a 64‐bit binary number, referred to single and
double precision, respectively [11, 12]. In this project, single precision is selected to function. For
the 32‐bit numbers, the first bit (MSB) specifies the sign, followed by 8 bits for the exponent, and
the remaining 23 bits are used for the mantissa. This arrangement is illustrated in Figure 5. The
sign bit is set to zero if the number is positive, and the bit is set to 1 if the number is negative. The
mantissa bits are set to the fractional part of the mantissa in the original number in bits 22 to 0.

Figure 5. Floating‐point structure in IEEE 754 standard [10].

Floating‐point algorithm finds huge demand in industry. To conclude this section, Table 3
summarizes the FFT algorithm application in fixed‐point and floating‐point architectures.
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Fixed‐point FFT

Floating‐point FFT

Low resolution disk drive

Radar, Image processing

Consumer audio application

High‐end audio application, ambient acoustics simulators

Channel coding

Professional audio encoding/decoding and audio mixing

Communication device

Sound synthesis in professional audio and video coding/
decoding
Prototyping
4G OFDM Transceiver
High resolution motor monitoring

Table 3. Fixed and floating‐point FFT application.

2.3. Pipeline/parallel FFT algorithm
In 2009, Xilinx Logic core [13] introduced the FFT processor using the Radix structure on a
chip. The introduced FFT processors were designed to offer a trade‐off between core sizes and
transform time. These architectures are classified below:
• FFT Processor with Radix II pipelined serial I/O architecture
• FFT Processor with Radix IV, parallel I/O (burst) architecture
• FFT Processor with Radix II, parallel I/O (burst) architecture
• FFT Processor Radix II lite, parallel I/O (burst) architecture
The pipeline serial I/O allows to continue data processing, whereas the burst parallel I/O
loads and processes data separately by using the iterative approach. It is smaller in size than
the parallel but has a longer transform time. In the case of Radix II algorithm, it uses the same
iterative approach as Radix IV with the difference of smaller butterfly size that differentiates
it. Yet, the transformation time is longer. Finally, for the last category, based on Radix II archi‐
tecture, this variant uses a time multiplexed approach to the butterfly for an even smaller core,
at the expense of longer transformation time. Figure 6 shows the throughput versus resource
among the four architectures.
2.3.1. FFT processor with Radix II pipelined, serial I/O
In this design, n‐stage of Radix II butterfly is connected as a serial structure. Each unit of
Radix II butterfly has its own RAM memory to upload and download data. The input data
are stored in the RAM while the processor simultaneously performs transform calculations
on the current frame of data and loads input data for the next frame of data and unloads
the result of the previous frame of data. Input data are presented in sorted order. The
unloaded output data can either be in bit‐reversed order or in sorted order. When sorted
output data are selected, an additional memory resource is utilized. Figure 7 illustrates the
architecture of the pipeline serial I/O with individual memory bank, which connects in a
serial structure.
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Figure 6. FFT architecture resources vs. throughput.

Figure 7. FFT processor with Radix II pipelined, serial I/O [13].

2.3.2. FFT processor with Radix IV, burst I/O
Radix IV structure accepts 4 input data simultaneously whereas Radix II takes only 2 input data
at the time to perform FFT calculation. Radix IV input data uploaded into the FFT processor,
cannot be uploaded while the calculation is underway. When the FFT is started, the data are
loaded. After a full frame has been loaded, the core computes the transformation. The result
can be downloaded after the full process is over. The data loading and unloading processes can
be overlapped if the data are unloaded in digit‐reversed order. Figure 8 shows the Radix IV
structure when 4 input data are loaded for FFT calculation.
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Figure 8. FFT processor with Radix IV architecture [13].

2.3.3. FFT processor with Radix II, burst I/O
FFT processor with burst I/O architecture utilizes Radix II butterfly calculation to execute
the arithmetic structure. In spite of Radix IV with burst I/O processor, which the input data
cannot be loaded and unloaded simultaneously, the Radix II processor accepts the input data
during the FFT processor and data can be used concurrently when the output samples are in
bit‐reversed order. The twiddle factors are stored in the ROM blocks while the output and
input data are stored in a separate or mixed RAM blocks. Figure 9 shows the Radix II struc‐
ture when 2 input data are loaded for FFT calculation.
2.3.4. FFT processor with Radix II lite, burst I/O
FFT processor with Radix II lite architecture uses one shared RAM, hence reducing resources
at the expense of an additional delay per butterfly calculation. The multiplier in this structure
multiplies the real part of complex number in one clock cycle and the imaginary in the next. In
this architecture, the data can be simultaneously loaded and unloaded if the output samples
are in bit‐reversed order. In this architecture, sine and cosine twiddle factor coefficient will be
saved in the ROM and the output data will be saved in a single RAM. Although this proposed
architecture saves the resources, the throughput is significantly limited by the FFT structure

77

78

Fourier Transforms - High-tech Application and Current Trends

due to the sequence calculations. Figure 10 shows the Radix II lite structure when 2 input data
are loaded for FFT calculations.

Figure 9. FFT processor with Radix II burst I/O architecture [13].

Figure 10. FFT processor with Radix II lite burst I/O architecture [13].
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3. Advanced high‐tech fast Fourier transform algorithm
In Section 2, FFT fundamental was discussed and elaborated. Furthermore, different FFT archi‐
tectures were provided with the detail on IO configuration. Here, advance FFT processor with the
focus on 1024 floating‐point parallel architecture for high performance application is provided.
3.1. Stage realization of 1024‐point parallel pipeline FFT structure
High‐tech FFT principle is based on Radix II algorithm in floating‐point format to conduct
1024 point FFT structure. Figure 11 illustrates the main block diagram of the 1024‐point
Radix II floating‐point parallel pipeline (FPP) FFT processor in detail.
As shown in Figure 11, there are six major subprocessor units in the high‐tech 1024 point
Radix II FPP‐FFT algorithm. These units are shared memory, bit reverse, butterfly arithmetic,
smart controller, ROM, and finally address generator unit. The floating‐point input data act
as a variable streaming configuration into the processor. The variable streaming configuration
allows continuous streaming of input data and produces continuous stream of output data.
Figure 12 shows the internal schematic of the pipeline butterfly algorithm with the parallel
architecture at a glance.

Figure 11. 1024 point Radix II FPP‐FFT block diagram.

To enhance the speed of calculation in Radix II butterfly algorithm, the pipeline registers
are located after each addition, subtraction, and multiplication subprocessors. Hence, the
pipeline butterfly algorithm keeps the final result in the register to be transferred into the
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RAM by the next clock cycle. Additionally, the parallel architecture splits the data in real
and imaginary format and increases the speed of FFT calculation by 50%. As a result of
the design algorithm, Radix II FPP‐FFT processor calculates 1024 point floating‐point FFT
exactly after O(N / 2 log 2N) + 11 clock a pulse which proves the performance improvement in
comparison with similar Radix II FFT architecture. The existence of 11 clock pulses delay
is due to 11 pipeline registers in adder, subtraction, and multiplier in a serial butterfly
block. Additionally, parallel design of the FFT algorithm decreases the calculation time
significantly.

Figure 12. Designed FPP Radix II butterfly structure.

Radix II butterfly unit is responsible for calculating the complex butterfly equations as
output1 = input1 + W k × input2 and output2 = input1 − W k × input. To calculate the butterfly equa‐
tion, it is necessary to initiate the RAM with bit‐reverse format and the external processor
loads the data in the RAM. Since butterfly equation deals with complex data, thus each
butterfly requires four multiplication units (two for the real and two for the imaginary)
and six additional units (three for the real and three for the imaginary part). Fixed point
implementation of such complex calculation does not satisfy high‐tech application of FFT
processor due to the generated noise of round‐off, overflow, and coefficient quantization
errors [14]. Consequently in order to reduce the error as well as to achieve high‐resolu‐
tion output, the floating‐point adders and subtractions are used to replace the fixed‐point
arithmetic units.
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3.1.1. Floating point adder/subtraction
Butterfly processor efficiency greatly depends on its arithmetic units, and high‐speed float‐
ing‐point adder is the bottle neck of butterfly calculation. Based on IEEE‐754 standard [10] for
floating‐point arithmetic, 32‐bit data register is considered to allocate mantissa, exponent, and
sign bit in a portion of 23, 8, and 1 bits, respectively. The advantages of floating‐point adder
are that the bias power is applied to complete the calculation and avoid using unsigned value.
Additionally, the floating‐point adder unit performs the addition and subtraction using sub‐
stantially the same hardware as used for the floating‐point operations. This functionality
minimizes the core area by minimizing the number of elements. Furthermore, each block
of floating‐point adder/subtraction operates the arithmetic calculation within only one clock
cycle that results high‐throughput and low latency for the entire FFT processor. Figure 13
shows the novel structure of the floating‐point adder when it is divided into four separate
blocks while detail algorithm is presented in Figure 14.

Figure 13. Schematic diagram of advance floating‐point adder.

The purpose of having separate blocks is to share the total critical path delay into three equal
blocks. These blocks calculate the arithmetic function within one clock cycle. However, the
propagation delay can be associated with continuous assignment to increase the overall criti‐
cal path delay and for the slowing down of the throughput. Based on combinational design,
the output of each stage depends on its input value at the time. The unique structure of float‐
ing‐point adder enables feeding of the output result in the pipeline registers after every clock
cycles. Hence, the sequential structure is applied for the overall pipelined add/subtraction
algorithm to combine the stages. The processing flow of the floating‐point addition/subtraction
operation consists of comparison, alignment, addition/subtraction, and normalization stages.
The comparison stage compares two input exponents. This unit compares two exponents and
provides the result for the next stage. The comparison is made by two subtraction units and
the result is revealed by compare_sign bit.
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Figure 14. Flowchart of advance floating‐point adder.

According to the results of the comparison stage, the alignment stage shifts the mantissa
and transfers it to the adder/subtraction stage. The number of shifting will be selected by the
comparison stage output. Consequently, each stage of the floating‐point adder algorithm is
executed within one clock cycle. Floating‐point adder/subtraction unit satisfies high speed and
efficiency of arithmetic unit in cost of die area size. The floating‐point arithmetic unit is designed
to calculate entire numbers regardless of the number sign. As shown in Figure 15, there is a logic
gate involved with the stages, which cause higher delay propagation through the circuit.
Floating‐point numbers are generally stored in registers as normalized numbers. This means
that the most significant bit of the mantissa has a nonzero value. Employing this method
allows the most accurate value of a number to be stored in a register. For this purpose, the
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normalized stage is required. This unit is located after the add/sub stage. The output signal
representing the add/sub block leads to zero digits of an unnormalized result of the calcula‐
tion operation. The normalized block ignores the digital value of zero from the MSB of the
mantissa and shifts the mantissa to imply value of one in digital as MSB in mantissa.

Figure 15. Addition/subtraction structure.

3.1.2. Floating‐point multiplier
In a floating‐point multiplier, numbers are represented in single‐precision normalized man‐
tissa and 8‐bit exponent format defined by the IEEE 754 standard. This structure has developed
the architecture for partial‐product reduction for the IEEE standard floating‐point multiplica‐
tion, leading to a structured high‐speed floating‐point multiplier. The shortening of the data
path is desirable because they require shorter wires and therefore support faster operation.
The former approach uses a reduction scheme based on combination unit and connects it as
parallel architecture. Implementing floating‐point multiplier is simpler than floating‐point
adder since it does not require alignment stage. The processing flow of the floating‐point
multiplication operation consists of multiple stage and normalized stage. Figure 16 shows the
overall block diagram of the floating‐point multiplier while the flowchart of the functionality
of the multiplier is shown in Figure 17.
In a floating‐point multiplier, the bias power format is applied to avoid having negative expo‐
nent in the data format. Additionally, the multiplier is designed as pipelined structure to
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enhance speed calculation, with the intention of the initial result appearing after the latency
period where the result can then be obtained after every clock cycle. The multiplier offers
low latency and high throughput and is IEEE 754 compliant. This design allows a trade‐off
between the clock frequency and the overall latency by adding the pipeline stage.

Figure 16. Floating‐point multiplier block diagram.

3.1.3. Smart controller structure
Smart controller unit significantly affects the efficiency of the 1024 Radix II FPP‐FFT proces‐
sor. As such, small die area can be achieved by designing high performance controller for
the FFT processor. In this architecture, FFT controller is designed with the pipeline capabil‐
ity. The global controller unit provides the signal control to the different parts of the FFT
processor. Additionally, several paths are switched between the data input and data output
in architecture design and the data path is controlled. To calculate the 1024 point Radix II
FFT processor, it is necessary to have log 2 N stages, which are 10 stages for 1024‐point data.
N
Furthermore, each stage calculates __
butterfly that is 512 butterfly calculations in the design.
2
Hence, there are two counter in corporation with the controller to count the stage number of
the processor and the number of butterfly calculation. Smart controller with collaboration of
address generator unit calculates 1024 point floating‐point FFT by using only one butterfly
structure. This functionality has great contribution on power supply as well as saving die area
size. Figure 18 shows the smart controller state machine, which controls the flow of the 1024
floating‐point Radix II FFT processor.
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Figure 17. Floating‐point multiplier flow chart.
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Figure 18. Smart controller state machine.

There are several control signals in smart controller to clarify the presence of correct output after
finishing the current cycle of FFT calculation. The control signals transfer information through
the RAM, ROM, butterfly preprocessor, and address generator. The designed controller oper‐
ates according to the provided state machine (Figure 18) and makes the high performance FFT
calculation feasible for implementation. The controller unit is structured into the subblocks
such as in sequential and combination units. Sequential unit is responsible for updating the
state of the processor, while the combinational unit performs the states individually. The state
machine waits for processor core to complete the entire FFT calculations and then records data
points into the memory. Reset state is received every time the reset input is asserted then holds
the entire calculation. The processor gets activated after the reset input signal is removed.
3.1.4. Memory and address generator
Address generator has a significant task in Radix II FFT processor, since it delivers the
address of the input/output data for each computational stage in an appropriate way.
Address generator architecture consists of ROM address generator, Read address genera‐
tor, and Write address generator. ROM address generator produces the reading address for
the ROM module. The reading address represents the address of the twiddle factor, which
must be taken to feed the butterfly structure. This address generator is designed to select the
specific twiddle factor for the butterfly calculations. Meanwhile, the Write address generator
is designed to save the result of the butterfly calculation in the proper location in the com‐
plex RAM. The proposed smart address generator is designed to provide the correct result
for the next stage of the butterfly in 1024‐point Radix II FFT calculations. The architecture
of the Read address generator is similar to the Write address generator. The butterfly will
save the data result after reading from the certain address and input it to the butterfly, in the
previous address line. The reading RAM select control signal ensures the correct location
of data in the complex RAM. On the other hand, memory modules are used for the storing
input and output results with 1024 complex long words of 32‐bit registers. The implemented
architecture for the memory is shown in Figure 19. The capacity of the memory is 1024‐point
data for real and imaginary data. In high‐tech implementation, shared RAM architecture is
designed and implemented in a single‐chip FFT processor. The high‐tech design makes the
Radix II FFT architecture entirely independent of the type of FPGA board since it has on
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board memory system. Furthermore, each complex RAM has the capability of saving real
and imaginary input data separately. The module is programed with a dual‐in‐line header
to provide the appropriate location for storing input and output result in each stage con‐
sequently. It is composed of two delay memories and multiplexer, which allows straight
through or crossed input‐output connection as required in the pipeline algorithm. Memory
unit similarly contains the controller trig. The controller, which is connected directly to the
memory modules, takes the responsibility of transferring data through the memory and
arithmetic blocks ensuring that no data conflict occurs within the complete process of the
FFT calculations. This is another advantage of high‐tech smart memory modules, by which
data can be read and written in the memory simultaneously without sending bubble data in
the FFT processor.

Figure 19. RAM internal architecture.
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3.2. Advantages of 1024‐point parallel pipeline FFT structure
Design algorithm of the 1024 point Radix II FPP‐FFT processor was based on the smart sub‐
blocks where the result was optimized accordingly. The designed processor takes the advan‐
tages of (i) shared memory to store the input and output data and makes the system as single
chip. Hence, it reduces hardware complexity. Furthermore, (ii) the entire individual arith‐
metic unit is designed to operate within one clock cycle to increase the maximum clock fre‐
quency. Additionally, (iii) the butterfly structure is in parallel and pipelined architecture to
minimize delay caused by the FFT calculations, and finally, (iv) the strong controller with
collaboration of address generator unit ignores the need of using N numbers of butterfly unit,
since Radix II calculation is carried out within one butterfly unit that results reduction of
power consumption, area, and avoid system complexity. The high performance processor is
implemented with optimizing the architecture to enable the system in maintaining a reason‐
able clock rate and with low latency of (N / 2 Log 2 N) + 11. The throughput of the operation is
limited by the amount of available logic in the target device.

4. 1024 point FPP‐FFT implementation
Section 4 details the implementation of introduced 1024‐point floating‐point parallel pipeline
Radix II FFT algorithm. Hardware implementation of the algorithm as system on chip (SOC)
is presented here.

4.1. Hardware implementation
In order to verify the functionality of the 1024‐point FPP‐FFT processor, the VHDL code for the
overall processor is developed. Register transfer level (RTL) behavior description of the pro‐
cessor is generated for downloading into FPGA prototyping. The procedure is continued by
attaching the library cell and constraint file for ASIC implementation. High performance FFT
is transferred into the gate level synthesis to complete postsimulation stage. The design moves
forward to the back‐end implementation by 0.18 µm Silterra technology and 0.35 Mimos tech‐
nology library. Generated netlist with constraint file is transferred to complete floor planning
and place and route stage. The implementation process is summarized in Figure 20.
The high‐tech 1024‐point FPP‐FFT specification generated by Xilinx ISE synthesis report is
provided in Table 4.
As stated in Table 4, high‐tech FFT processor operates with the maximum clock frequency
of 227.7 MHz and the total latency of 5131 clock cycles (Figure 21) to prove the computation
complexity derived from (N/2log2N) + 11 when N = 1024.
Place and route (PAR) process was completed and the processor routed successfully on silicon
chip (Figure 22).
Later, the 1024‐point FPP‐FFT processor was optimized in Silterra 0.18 µm and Mimos 0.35 µm
technology for power consumption and die size measurement in maximum clock frequency.
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Table 5 shows the optimization result of FFT processor implementation in Silterra 0.18 µm and
Mimos 0.35 µm technology library.

Figure 20. Flowchart of hardware implementation.

HDL synthesis report

Timing summary

Registers flip‐flops

1175

Minimum period (ns)

4.391

Shift registers

43 (6%)

Maximum frequency (MHz)

227.747

LUTs slice

4419 (23%)

Min. input arrival time (ns)

3.788

Logic slice

2584 (13%)

Max. output required time (ns)

6.774

RAM cells

1835 (35%)

Total equivalent gate count

998678

IOs

88 (40%)

Total number of path

220310

Memory usage (MB)

254 (40%)

Total number of destinations

5926

Multiplexers

77

Tri‐states
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Table 4. 1024‐point FPP‐FFT specification.
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Figure 21. 1024‐point FPP‐FFT processor output signal.

Figure 22. Chip layout of high‐tech FFT processor.

FPP‐FFT

Silterra 0.18 µm technology

Mimos 0.35 µm technology

Active core area (mm2)

2.32 × 2.32

4.256 × 4.256

Power consumption (mW)

640

1198

specification

Table 5. Optimized power consumption and die area size in different technology library.
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To conclude, after FPGA implementation and ASIC optimization and with considering avail‐
able software and hardware resources, the high‐tech 1024‐point Radix II FPP‐FFT processor
was implemented and tested in FPGA prototyping under Xilinx ISE software and CAD tools in
synopsis. Figure 23 shows relevant FPGA board, and Table 6 summarizes the design property.

Figure 23. FPGA implementation of high‐tech FFT processor.
Parameters

Unit

specification

Processor machine

Radix II

Calculation type

Floating‐point

Latency (µs)

22

Maximum precision

32‐bit

No. of input data

1024

Data rate (ms/s)

25

Max. clock frequency

f

227 MHz

Signal to noise ratio

SNR

192 dB

Power consumption (Silrerra 0.18 µm library)

P

640 mW

Active core area (Silrerra 0.18 µm library)

mm

2.32 × 2.32

Accuracy
Table 6. High‐tech 1024 point FFT specification.

s.max

o

≤0.01
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5. Summary and conclusion
In this chapter, high‐tech 1024‐point Radix II FFT processor was implemented. The design
was launched with introducing 32‐bit data single precision floating‐point parallel pipeline
architecture. Then, it was followed by implementing the subcomponents such as Radix II
butterfly and smart controller. The implementation result of high‐tech 1024‐point Radix II
FPP FFT processor was provided accordingly. Designing high speed floating‐point arith‐
metic unit such as adder/subtraction (278 MHz), multiplier (322 MHz), implementing smart
controller to save area and increase system efficiency, design processor as single chip by
implementing complex dual memory, and providing pipeline and parallel architecture
lead to present a high‐tech 1024‐point Radix II FPP FFT processor. In addition, the proces‐
sor was synthesized using the Xilinx ISE platform. From synthesis report, it was found
that the FPP FFT processor shows the maximum clock frequency of 227 MHz. The latency
for calculating 1024‐point FFT is 22 µs. After FPGA implementation, the proposed proces‐
sor was optimized in ASIC under Silterra 0.18 µm and Mimos 0.35 µm technology librar‐
ies. The estimation power consumption was reported 640 mW in Silterra and 1.198 W in
Mimos technology library with sample rate of 25 ms/s. The procedure was followed by
defining the constraints and the netlist (gate level) to produce the ASIC layout. The design
compiler result shows the die size of 2.32 × 2.32 mm2 in Silterra 0.18 µm technology and
4.256 × 4.256 mm2 in Mimos 0.35 µm technology. From the given specification, it was found
that the high‐tech 1024‐point Radix II FPP FFT processor is suitable for high performance
DSP application.
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Abstract
One of the possible approaches to achieve more than Moore's law with signal process‐
ing circuits is to inspire from functioning of human brain to mimic neural functions by
exploring emerging technologies such as memristor circuits. While fast Fourier transform
(FFT) implementations are largely based on CMOS gates, they are limited by the com‐
putation speed and availability limits on the number of Boolean variables it can handle
at a given time. Biological neurons and networks on the other hand are generalized in
nature and can handle both analogue and digital signals. Through this chapter, memris‐
tor‐based resistive threshold logic family of gates that inspire from brain‐like large vari‐
able logic functions is introduced. This logic consists of a memristors acting as weights
to the inputs followed by threshold operations emulating neuronal synapse. Using this
Boolean logic, a processing unit that can compute Fourier transform of a given set of
inputs was developed. Various comparisons of the circuit are found to be advantageous
in implementing neuromorphic circuits. The existing logic families were carried out and
the proposed logic family was found too advantageous in many ways.
Keywords: memristors, threshold logic, circuits, Fourier, FFT

1. Processing in brain
Human brain is the processing centre of human nervous system. Average adult human brain
weighs about 1.5 kg and [1, 2] is composed of about 10 billion nerve cells or neurons. On aver‐
age, each neuron is connected to other neurons through about 10,000 synapses. The brain's
network of neurons forms a massively parallel information processing system.
On the other hand, approximates arithmetic, such as the ability to calculate whether ‘26 + 32’
is closer to 60 or 75, is not processed in the same manner or in the same part of your brain.
Memorization of the results of operations such as multiplication tables reduces the need to
use complex cognitive processing, such as going through the learning processes every time
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the task is given. The idea of storing for long‐term retrieval is supported by the long‐term
memories in the human brain, where the retrieval of results from the memory reduces the
effort on cognitive processes.
The ability of the brain to process computational operations in real time is reflective of an
active working memory. In many of the mental calculations, one makes on a day‐to‐day basis
can be analysed by looking into the activities in the prefrontal cortex (see Figure 1). The stud‐
ies using neuroimages indicate 10 separate regions in the brain that contribute to even simple
task of subtraction of two numbers. The main areas of activation for this simple task include
fusiform gyrus, parietal cortices, lateral and medial parts of the temporal lobe and inferior
parts of the frontal lobes.
The interconnections between the modules and the way they interact with each other for
different set of arithmetic operations are different. It is also found that there is a separate net‐
work for estimation (bilateral inferior parietal cortex) as opposed to computation (left parietal
and frontal cortices). These features point out the fact that there is one specific unit for per‐
forming computation; instead it is a collaborative effort between various regions in the brain.

Figure 1. Functional units in brain.
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These features of brain are similar to the normal CPU architecture—a separate unit for arith‐
metic and logic functions, with a difference in the mode of operation. Instead of doing algo‐
rithmic approach, the brain works based on what it learned or we can say that the patterns it
has learned. If we can implement this key feature of brain in hardware, then we can have a
brain‐like fast processing unit.
In the brain the basic functional unit is a cell, called neuron. For each function, there will be
separate set of neuron cells, which are learned to do that particular task. If we can develop a
neuromorphic circuit for the neuron cell and can make it learn to do particular tasks, we can
use it to develop a brain‐like processing unit, that is what is achieved through this project
work.

2. Neurons
Neurons are the basic building blocks of the nervous system, which includes brain, spinal
cord and peripheral ganglia. Neurons are electrically excitable cells and they process and
transmit information through electrochemical signals. Neurons connect together to form
what is known as neural networks.
The basic structure of a biological neuron is shown in Figure 2. It consists of a cell body, den‐
drites and axons. Cell body or the soma is bulbous in shape and contains the nucleus. The
cell body or the soma contains many cell organelles, including Nissl granules that are the site
of protein synthesis. Nissl granules contain endoplasmic reticulum and free polyribosomes.
Dendrites arise from the cell body, branches into what is known as the ‘dendritic tree'.
Dendrites are the branched projections of the neuron arising from the cell body and its func‐
tion is to receive the electrochemical simulations from other neurons and to conduct it to

Figure 2. Biological neurons.
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the cell body. The electrical simulations are transmitted from one neuron to the dendrite of
another neuron at the synaptic terminals.
Another important part of the neuron is the axon. Axon arises from the cell body at a site
called axon hillock and extends to over 1 m in length. A neuron can have multiple dendrites,
but only one axon. Axon is covered by a layer of dielectric material myelin, known as myelin
sheath. Before termination, the axon gets divided into a large number of branches.
The axon terminals of one neuron connect to the dendrites of another neuron through syn‐
apses. Electrochemical signals are transmitted from one neuron to another through synapses.
Chemicals known as neurotransmitters are released from the presynaptic neuron, which
binds to the receptors located at the dendrites of the postsynaptic neurons. These neurotrans‐
mitters are initially present in small bag‐like structures known as synaptic vesicles that are
found at the axonic terminals of the neurons. These synaptic vesicles, when excited, migrate
towards the synapse and get attached to the synapse and release the chemical ions through
the semipermeable membrane of the synapses.
The major ions that are involved in the process are sodium, potassium, chlorine and calcium.
Once released, these ions diffuse through the semipermeable membrane and binds to the
receptors which are present on the dendrites of the post‐synaptic neurons. The basic structure
of a synapse is shown in Figure 3.
Due to the ion exchange between neurons, a gradient in the ion concentration arises on either
side of the semipermeable membrane. Due to this ion concentration difference, a potential will
be generated, known as Nernst potential. Changes in the cross‐membrane voltage between the
intra‐cellular and extra‐cellular potential will alter the function of the voltage‐dependention

Figure 3. Structure of synapse.
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channels. As the difference in ion concentration increases, the resultant Nernst potential also
increases and when this potential reaches a particular threshold value, the post‐synaptic neu‐
ron fires and an action potential is generated which moves from cell body to the next neuron
through the axon. This is how a biological neuron transmits signals.
There are several differences between the processing in human brain and processing in a com‐
puter. One of the most important differences is that brain is analogue whereas the computers
are digital. The computers work with 0's and 1's whereas neuron signals are not bi‐state. But
we can find a superficial similarity between neurons and digital circuits in the aspect that neu‐
rons fire an action potential when they reach a threshold value. In computers, information in
memory is accessed by polling its precise memory address. This is known as byte‐addressable
memory whereas brain uses content‐addressable memory.
Human brain can be considered as a massively parallel machine, where different functions
are carried out simultaneously in different parts of the brain. Brain has got several dedicated
modules for carrying out different functions. But if we consider the case of computers, the
processing is in modular and serial in nature.
The brain has got a body at its disposal. This may seem to be trivial, but this is a major differ‐
ence which gives the humans a clear advantage over the computers. Once the brain takes a
decision based on the input signals, the brain directs the body to respond to the signals. But in
computers, although it can take decisions based on the input signals, there is no body so that
it can respond to the stimulus.
Although there are several other differences, one of the most important differences between
brain and computing processors is that there exists no distinction between memory and pro‐
cessing architecture in brain. These two important activities are not separable. As the neurons
process information, they also modify their synapses that are the substrate of memory. But in
computers there exist a clear distinction between processor and memory.

3. Memristor
Memristor is considered to be the fourth fundamental electronic component. The basic state
variables in any circuit are voltage (V), current (I), charge (q) and flux (φ). The state variables
and relations between them are shown in Figure 4. Prior to the 1970s, only resistor, capacitor
and inductor were known. No component showing the property of memristance was known
to the scientific community. It was in 1971 that Leon Chua gave the scientific and logical
basis for the existence of a two terminal circuit element called memristor (memristor is the
shortened form of ‘memory resistor') [3]. He reasoned the existence of the fourth element
through symmetry arguments. Although he showed that the memristor has many interesting
and valuable circuit properties, he was unable to implement the memristor in the form of a
physical device without an internal power supply.
The six different mathematical relations connect the four fundamental circuit variables: volt‐
age (V), current (I), charge (q) and magnetic flux (φ). These relations are indicated in Figure 4.
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Since there were no devices that reflected a relation for long between the charge and flux, the
memristor was referred to as the missing element, with memristance (M), with dφ = Mdq.

Figure 4. Relation between various state variables in an electronic circuit.

One of the most advertised and commercially inclined versions of the memristor was develop
by HP Labs that was based on a thin film of titanium dioxide [4, 5]. The main reason that
gained attention for this device was the possibility to scale the device beyond the traditional
CMOS limits. While, there is debate on the charge transport mechanisms and resistance
switching behaviours, the hypothesis is that the hysteresis requires some sort of atomic rear‐
rangement that modulates the electronic current. The HP memristor device consists of a thin
film of titanium dioxide (TiO2) sandwiched between two platinum electrodes, with one side
of the titanium dioxide doped with oxygen vacancies, TiO2‐x (see Figure 5).
The undoped region is insulated and has higher resistance than the doped region. The effec‐
tive resistance within the memristor is determined by the boundary between the doped and

Figure 5. Memristor modelled by HP.
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undoped regions. Let D be the total width of the TiO2 layer and W be the width of the doped
region. Then the effective resistance of the device is given by Meff = (W / D ) RON + (1 − (W / D ) )ROFF,
where RON is the resistance of the device if it is completely doped and ROFF is the resistance of
the device if it is completely undoped, see Figure 6.
Under the situation, when a positive voltage at the side of the doped region and negative volt‐
age at the side of the undoped region, the oxygen vacancies move from the doped side to the
undoped side, thus, increasing the width (W) of the doped region. This results in the overall
resistance of the memristor.
If the polarity of applied voltage is reversed, that is, positive potential is applied to the undoped
side and negative potential is applied to the doped side, then the width of the undoped region
increases, thereby increasing the effective resistance of the device.
When input voltage is withdrawn or when there is no potential difference between the termi‐
nals, the memristor maintains the boundary between the doped and undoped region, since
the oxygen ions remain immobile after removal of the input voltage. Thus, the resistance will
be maintained at the same value before withdrawing the input voltage.
The resistance of the memristor increases when current flows through it in one direction and
the resistance value decreases when the current flows through it in the opposite direction. It
can retain the resistance value it had at that point of time, if the current is stopped.

Figure 6. Working of a memristor.
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We can see from i = v / M(q ) that when there is no voltage difference across the memristor, there
is no current through the memristor. When the potential applied is reversed, the width of the
undoped region increases resulting in an increase in effective resistance. The high resistance
blocks any reverse leakage current and adding more inputs, the collective current does not
increase significantly as the effective resistance remains constant.
The V‐I characteristics of the memristor are shown in Figure 7. Generally, indicative of a
pinched hysteresis effect [3, 4, 6], the changes in the slope indicate the switching behaviour,
with each of the switch having at least two resistance states. With change in operating fre‐
quencies, the resistance values of the state become equal at high frequencies. The frequency
dependence of memristor is shown in Figure 7.

Figure 7. The V‐I characteristics of the memristor device.
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Over the years, there have been several efforts to manufacture memristors. The various
attempts include polymeric or ionic memristors, resonant tunnelling diode memristors,
manganite memristors and spintronic memristors. In addition to the memristor devices,
there are circuits that emulate the memristor behaviour, generally referred to as memristive
systems.
The crossbar architecture with memristor is used to build ultra‐dense memory cells (RRAM—
resistive random‐access memory). Another application is the use of memristor for emulating
neural circuits that can help develop a range of hardware‐based machine learning methods.
The memristors can be also used to implement multilevel memories [7, 8] and analogue mem‐
ories [9]. They also find application in configurable logic arrays [10].

4. Resistive threshold logic
Resistive threshold logic [11, 12] is a new logic family based on a resistive voltage divider
and threshold logic, which is the hardware implementation of the neuron cell by configur‐
ing the cognitive memory network [13]. This circuit is capable of doing all Boolean logic
[14, 15].
Two‐input basic resistive threshold logic cells are shown in Figure 8. For a straight forward
approach, we started by using semiconductor resistors for the resistive divider. The input to
the resistive divider is voltage levels that can be equated to the logic inputs [10] of a digital
logic gate. Based on the logic functionality required, predefined threshold levels will be used
in the thresholding part.

Figure 8. Two‐input basic resistive threshold logic cell.
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An N‐input resistance divider circuit consist of N input resistors Ri and one reference resistor
R0. The output voltage V0 for N‐input voltages Vi is shown in Eq. (1),
V

i
∑ Ni=1 ___
Ri
V0 = __________
1
1
(__
+ ∑ Ni=1 __
)
R
R
i

0

We keep equal values to Ri's and R0

= m Ri,

(1)

which results in:
∑ i=1 Vi
V0 = ______
1
__
N

(2)

m+N

The inverter with a threshold V th and a two‐input resistive divider is used to implements the
NAND and NOR gates shown in Table 1. Given that, V dd = 1V, V H = 1V, V L = 0V, (see Table 1),
when the threshold voltage of the inverter is set between 0 and 1/3 V, the cell functions as
NOR logic, while between 1/3 and 2/3 V the cell functions as NAND logic. This implies that
varying the threshold voltage of the inverter a single cell structure can be used to implement
NAND and NOR logic.
In general, the range of threshold voltage,
NAND gate
To find the
equated to

m(VL + (N − 1)VH )
mN VH
______
≤ Vth ≤ Nm + 1 .
is,_____________
Nm + 1

m

Vth

of NOR gate is

(VH + (N − 1)VL ) m
Nm VL
______
_____________
1 + Nm ≤ Vth ≤
Nm + 1

and

m(VL + (N − 1)VH )
_____________
is
Nm + 1
1
____
solve the equation VL is taken as 0 V. So we get the m value as N − 2 .
VH + VL
mN VH
and ______
threshold voltage of NAND gate must be between ______
2
Nm + 1 .

value in Eq. (2), the lower limit of NAND gate threshold range

VH + VL
______
2 .

And to

Now we can say that the

But there are certain drawbacks in using semiconductor resistors for building the voltage
divider. One of the most important factors is the large leakage current of the semiconduc‐
tor resistors. When the number of inputs increases the problem of leakage current becomes
prohibitively high. Another drawback of using semiconductor resistor is that a change in the
resistance value of the resistor due to second‐order implementation effects, such as improper
junctions and defects. This change in the resistance value is generally termed as the tolerance

Input voltage (Vi)
V

1

V

2

Output voltage

NAND

V

V +V
L
H
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0

3

V

L

V

L

2V
___L
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< V <
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____H
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___L

3

3

V

V

V

V

V

V

V

V

H

H

3

V

L

V

H

V +V
L
H
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H

L

3

V

H

V

L

V +V
L
H
______

H

L

3

V

H

V

H

2V
____H

L

3

Table 1. Truth table of two‐input resistive divider for NAND and NOR gates.
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L
H
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3
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value of a resistors, which is usually ∓ 10%. This change in the resistance value may not cre‐
ate any problem when we are considering two‐input or three‐input circuits. But in practical
implementations having a large number of inputs, these changes in the resistance value will
have an adverse effect on the output of the circuit.
To overcome these drawbacks, semiconductor resistors were replaced with memristors
developed by HP, which had negligible leakage current. Thus, the logic gate was modified as
shown in Figure 9. The advantage of using op‐amp in the circuit is that it can act as a buffer
and isolates the inputs from output of the circuit thus enabling realistic implementations of
a large number of inputs per gate. As the number of inputs shown in Figure 8 increases, the
threshold voltage will change. This change can affect the functionality of the gate. This prob‐
lem can also be avoided by using the circuit shown in Figure 9. Here, the op‐amp will boost
the signal before applying it to the inverter. Thus, it offers the advantage of scalability over
the number of inputs.
The op‐amp reference voltage for NOR logic, VREF is fixed as VL+Δ and for NAND logic, VREF is
fixed as VH−Δ, where Δ is a small voltage defined to ensure the bounds of Vth. The op‐amp shifts
the voltage to a high value or low value depending on the input voltage, V0.

Figure 9. Resistive threshold logic.

The universal gate circuit using resistive threshold logic is shown in Figure 10. For the cell to
work as a NAND logic, the switches S1 and S4 are closed and the output is taken from Vout. To
implement AND logic, the switches S1 and S3 are closed and the output is taken from Vout. If
the switches S2 and S4 are closed, we get a NOR logic from Vout. If both S2 and S3 are closed,
OR logic can be implemented.
Figure 11 shows the circuit diagram of an N‐input resistive threshold logic gate. Here
{ V 1, V 2, V 3, … , V N} represents the inputs to the cell.{ M 1, M 2, M 3, … .M N} represents the input
memristors. Depending on the values of the inputs, a potential V A is generated which is given
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Figure 10. The universal gate structure that implements NAND, NOR, AND, OR and NOT logic functions.

Figure 11. N‐input resistive threshold logic gate.
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to the non‐inverting terminal of the op‐amp. To the inverting terminal of the op‐amp, a V REF
is given depending upon which the cell acts as either N‐input NOR gate or N‐input NAND
gate. If the V REF is fixed at V L + Δ then the circuits acts as NOR gate and for NAND logic,V REF is
fixed as V H − Δ, where Δ is a small voltage defined to ensure the bounds of V th. Thus, an N‐input
logic gate can be implemented using memristor‐based resistive threshold logic. Here, as the
number of inputs increase, only the number of memristors increases. The area consumed by
a memristor is very small. Hence, even a very large input logic gate can be implemented in a
very small area using the proposed resistive threshold logic.

5. Fast Fourier transform circuits
The chapter summaries our previous work on the use of threshold logic in developing a hard‐
ware implementation of Fast Fourier transform [16]. Fast Fourier transform/inverse fast Fourier
transform (FFT/IFFT) is widely used algorithm to compute the discrete Fourier transform and
its inverse of a given set of inputs. FFT/IFFT is mainly used in digital signal processing applica‐
tions such as communication systems including orthogonal frequency division multiplexing
(OFDM), spectrum analysis, DSL modems, speech coding, HDTV etc. Due to the large number
of applications, it is important to design a FFT circuit which can handle large number of inputs
and at the same time it should be small in area and should not become too complex.
The basic equation of four‐point DFT is
3

X(k) = ∑ x(n ) e
i=0

−j2πk
_____
4

, k = 0, 1, 2, 3

(3)

Eq. (3) can be rewritten as an N‐by‐N multiplication as
X = Wx

(4)

Eq. (4) can be expanded in matrix form as given below.

⎢ ⎥ ⎢

⎥⎢ ⎥

⎡X(0 )⎤ ⎡1 1 1 1 ⎤ ⎡x(0 )⎤
X(1 )
1 − j − 1 j x(1 )
=
X(2 )
1 − 1 1 1 x(2 )
⎣X(3 )⎦ ⎣1 j − 1 j ⎦ ⎣x(3 )⎦

(5)

In the above matrix multiplication, X(k), k = 0, 1, 2, 3 are the DFT outputs whereas x(k), k = 0, 1, 2, 3
are the inputs. Using this matrix equation, we can represent the signal flow graph of four‐point
DFT, as shown in Figure 12. The exponential term e
= ±1 or ± j. Since multiplications
with ±1 and ±j are trivial, no multipliers are needed to implement them, i.e. they can be simply
realized with bypass, inversion, and/or swap for 2's complement numbers. Hence, it does not
−j2πnk ______

4
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require any multiplier to construct a butterfly element for a four‐point DFT (radix‐4 butterfly).
From Figure 12, it can be seen that we can implement the processor using adders and inverters.

Figure 12. Signal flow graph of a four‐point FFT.

Implementation of the FFT processor can be done, as shown in Figure 13 where x(0), x(1), x(2)
and x(3) are the inputs and X(0), X(1), X(2) and X(3) are the outputs of the FFT circuits. The
circuits are capable of handling complex numbers and the complex numbers are separated into
real and imaginary part and are given into the circuit. All the inputs to the circuit are 8 bits long.
All the FFT units take in four inputs and give the corresponding FFT output. Inputs are given
to the FFT units according to Figure 12. From the signal flow graph of the four‐point FFT, we
can see that FFT outputs are obtained by equations of the form
X(k) = a + b + c + d

(6)

X(k) = a + b − c − d

(7)

or

So it is understood that certain inputs need to be subtracted in order to get the Fourier transform
output. In digital circuits, subtraction is carried out by taking the 2's complement of the subtra‐
hend and then adding it to the minuend to get the difference. For obtaining 2's complement of
a number, first of all, 1's compliment of the number has to be found out and then add one to it.
From Figure 12, it can be seen that the real and the imaginary part of the first output, i.e. X(0), in
four‐point FFT is obtained by computations of the form Eq. (6). So it requires addition operations
only. Hence, the inputs to the first two FFT units are not complimented, as shown in Figure 13.
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Figure 13. General block diagram of a four‐point FFT circuit.

However, all other outputs of the four‐point FFT are obtained by computations of the form
Eq. (7), see Figure 12. So it consists of addition as well as subtractions. In order to implement
subtraction, two's complement of the inputs is taken and is added. For taking 2's complement,
first of all, the signals need to be inverted. This is obtained by the inverters shown in Figure 13.
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Since all the inputs are of 8‐bit length, 8‐bit inverters are used in the circuit. The output of these
inverters will be the 1's compliment of the input signals. To get 2's complement one must be
added to the 1's compliment. Since two signals are to be complimented according to Eq. (7),
two must be added to their sum. It is equivalent to adding one be the (LSB + 1)th place of their
sum. This is done inside their corresponding FFT units, see Figure 14.

Figure 14. General block diagram of a FFT unit.

Let the four inputs to an FFT unit be denoted as w, x, y and z. All these inputs are 8‐bit long. So
the input w can be represented as w 8 w 7 w 6 w 5 w 4 w 3 w 2 w 1. Similarly, x, y and z can be represented
as x 8 x 7 x 6 x 5 x 4 x 3 x 2 x 1, y 8 y 7 y 6 y 5 y 4 y 3 y 2 y 1 and z 8 z 7 z 6 z 5 z 4 z 3 z 2 z 1, respectively. For the FFT units
that are computing real and imaginary parts of X(0 ), namely X re(0 ) and X im(0 ), only additions
are involved. Hence w, x, y and z need to be added to get X(0 ). Addition of four binary num‐
bers can be done using (4, 2)‐counters or (4, 2)‐compressors. So in order to implement a FFT
unit, eight (4, 2)‐counters are required.
The basic block diagram of a (4, 2)‐counter is as shown in Figure 15. This circuit takes in four
inputs and gives 3 outputs ‐ sum, carry and carry out. A parallel arrangement of eight such
(4, 2)‐counters are needed to implement a single FFT unit. As seen from Figure 15, these (4, 2)‐
counters are implemented using the basic logic gates. All these logic gates are implemented
using the proposed memristor‐based resistive threshold logic.
The OR gate presented in Figure 15 is implemented as shown in Figure 16, where A and B repre‐
sent the inputs, VL + ΔV represent the reference voltage and VOUT represents the output of the gate.
AND gate can be obtained either from inverting the output of the NAND gate or by giving
inverted inputs to the NOR gate. Figure 17 shows the AND gate, used in Figure 15 which is
obtained by giving inverted inputs to the resistive threshold NOR gate.
XOR logic gate is implemented as shown in the circuit diagram of Figure 18. It is imple‐
mented using NOR logic. Thus, by using the circuits of Figures 16–18, a (4, 2)‐counter can be
implemented. By using a parallel implementation of eight such (4, 2)‐counters, a single FFT
unit can be implemented. For implementing a full FFT circuit, we require eight FFT units, four
for the real parts and four for the imaginary parts of the outputs.
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Figure 15. Block diagram of a single (4, 2)‐counter.

Figure 16. Circuit diagram of OR gate using memristor‐based resistive threshold logic.

But while implementing the FFT units for real and imaginary parts of outputs X(1), X(2)
and X(3), the implementations involve subtraction. For subtractions, 2's complement of the
subtrahend is taken and added. For taking 2's complement, first of all, the signal is inverted
and then one is added. Inversion of the signal is carried out using an 8‐bit inverter, as
shown in Figure 13. The addition of one is done inside the FFT unit. Since two signals are to
be subtracted per FFT unit, one has to be added twice which is equivalent to adding two or
in binary terms, adding one to the (LSB+1)th position. This addition is shown in Figure 14.
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Figure 17. Circuit diagram of AND gate using memristor‐based resistive threshold logic.

Figure 18. Circuit diagram of XOR gate using memristor‐based resistive threshold logic.

6. Results and discussion
The proposed resistive threshold logic and FFT computing architecture have been tested
and compared with corresponding CMOS [14], dynamic MOS and pseudo‐NMOS circuits.
Propagation delay, total harmonic distortion, area, power dissipation and leakage power
were compared. For the fairness in comparison the technology, sizes of all components in the
circuit are kept same.
Comparisons of the memristor‐based resistive threshold logic with other logic families were
carried out. Tables 2 and 3 give the comparison results of propagation delay of NAND and
NOR gates, respectively, implemented using various logic families. Comparison of resistive
threshold logic with CMOS, pseudo‐NMOS and dynamic‐MOS logic families was carried
out. The experiment was carried out for various numbers of inputs. The general trend in the
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existing logic family is that the propagation delay of a gate increases as the number of inputs
increases. This is due to the fact that the increase in the number of inputs means the increase
in the number of input transistors. More transistors in the path lead to increase in the propa‐
gation delay of the gate.
But in the case of resistive threshold logic, this problem can be avoided. This is due to the fact
that when the number of inputs increases, the number of memristors increases, but in a paral‐
lel fashion. This does not increase the path between input and output. Thus, the increase in
the number of inputs does not affect the propagation delay of the overall circuit. This leads to
lower propagation delay in the resistive threshold logic compared to other logic families, as
the number of inputs increases. Comparison of propagation delay is shown for both NAND
and NOR gates (see Tables 2 and 3).
Logic family

3i/p

10i/p

100i/p

CMOS logic

0.47 µs

0.54 µs

0.65 µs

Pseudo NMOS

0.48 µs

0.60 µs

0.85 µs

Dynamic MOS

0.48 µs

0.51 µs

0.75 µs

Resistive threshold logic

0.45 µs

0.45 µs

0.45 µs

Table 2. Comparison of propagation delay of NAND gate various logic families.

Logic family

3i/p

10i/p

100i/p

CMOS logic

0.50 µs

0.52 µs

0.66 µs

Pseudo NMOS

0.51 µs

0.58 µs

0.72 µs

Dynamic MOS

0.51 µs

0.58 µs

0.75 µs

Resistive threshold logic

0.60 µs

0.60 µs

0.60 µs

Table 3. Comparison of propagation delay of NOR gate various logic families.

Another comparison that shows the advantage of the proposed logic family is that of total
harmonic distortion (THD). The total harmonic distortion gives the measure of harmonic dis‐
tortion present in a circuit. Consider a signal of frequency x, the harmonics of the signals are
signals containing frequencies 2x, 3x, 4x and so on. These harmonics cause distortion in the
output of the circuit. The total amount of distortion caused by the harmonics is measured
as total harmonic distortion. It can be defined as the ratio of powers of all harmonics to the
power of the fundamental frequency.
Let the power of the fundamental frequency signal be P1. Let the powers of the harmonics be
P2, P3, P4, … P∞. Then the total harmonic distortion can be expressed as Eq. (8).
∑ i=2 Pi
THD = ______
P
∞

1

(8)

So higher the THD value means higher the distortion caused by the harmonics. When com‐
paring the values in Table 4, it can be seen that the total harmonic distortion of the proposed
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memristor‐based resistive threshold logic is less when compared to other existing logic fami‐
lies. Thus, it can be seen that the proposed logic family has several advantages when com‐
pared to the existing logic families. Various comparisons were carried out for the fast Fourier
transform circuits of Figure 13. Table 5 gives the comparison of area of the FFT circuit imple‐
mented using different logic families.
Logic family

THD of NAND (%)

THD of NOR(%)

CMOS logic

71.2091

107.4098

Pseudo NMOS

76.2288

97.9864

Dynamic MOS

51.0608

146.7818

Resistive threshold logic

61.7043

85.2743

Table 4. Comparison of total harmonic distortion of NOR and NAND gate various logic families.

Logic family

Area (µm2)

CMOS logic

83.5200

Pseudo NMOS

53.0496

Dynamic MOS

58.4852

Resistive threshold logic

58.1292

Table 5. Comparison of the total area of FFT circuits using various logic families.

The area comparison clearly shows that the circuit implements using the proposed logic fam‐
ily require less area compared to most of the other existing logic families. Another comparison
was carried out regarding the power dissipation of the circuit, the results of which are shown
in Table 6.
Logic family

Power

CMOS logic

19.3842 µW

Pseudo NMOS

14.6467 µW

Dynamic MOS

03.9515 nW

Resistive threshold logic

13.7932 µW

Table 6. Comparison of thetotal power dissipation of FFT circuits using various logic families.

The proposed logic family consumes less power when compared to other logic families. In
Table 6, the power dissipation of the circuit using dynamic MOS is much less compared to
other logic families owing to the fact that the dynamic MOS is a clocked logic family.
Now, Table 7 shows the comparison of the FFT circuit implemented using various logic gates,
in respect of their leakage power. The slight increase in the leakage power of the circuit using
proposed logic family is due to the presence of op‐amp in the circuit.
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Logic family

Leakage power

CMOS logic

8.5377 nW

Pseudo NMOS

1.0629 mW

Dynamic MOS

4.8410 nW

Resistive threshold logic

11.1378 nW

Table 7. Comparison of leakage power of FFT circuits using various logic families.

As mentioned earlier, each of the FFT unit takes in four inputs, each of which is 8‐bit long. Figure 19
shows the 8th bit of the four inputs to a single FFT unit. The outputs of each FFT unit will be 10‐bit
long. Figure 20 shows the LSB of the outputs of FFT unit for inputs shown in Figure 19.

Figure 19. Eighth bit of the four inputs to a FFT unit.
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Figure 20. LSB of the output of the FFT unit is shown as sum. Carry and Cout of the LSB are also shown.

7. Discussion
In order to maintain practical relevance of the approach, all the results mentioned in the pre‐
vious section are based on device parameters from 90 nm TSMC process. HP memristor mod‐
els with R ON = 100 Ω and R OFF = 100 k Ω were used and all the simulations were carried out
using LTSpice VI.
From the results shown in the previous section, it can be seen that the proposed logic
family is clearly of advantage when we are trying to implement large input circuits. The
comparison of propagation delay of the logic gates showed that the memristor‐based resis‐
tive threshold logic family can be used to implement brain‐like large input logic functions.
Moreover, it gives a clear advantage in terms of the total harmonic distortion also. After
the successful implementation of the new logic family, it was used to implement a circuit
that could compute the fast Fourier transform of the given set of inputs. A four‐point FFT
circuit was implemented. It can take in four inputs at a time and give four FFT outputs.
The circuit can handle complex numbers and the complex inputs were separated into real
and imaginary part for the easy computation. All the inputs considered in this project
were 8‐bit long.
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All the circuits and gates involved in the FFT circuit were implemented using the proposed
memristor‐based resistive threshold logic family. The speed of operation of the circuit can be
further increased and the area can be further reduced if low power and high speed op‐amp
designs are developed, or an alternative thresholding circuit needs to be developed. If a bet‐
ter op‐amp can be developed, then the leakage power can also be reduced to a great extent.
Moreover, in the proposed logic, we are not concentrating on the memory power of memristor.
If we can use that property of memristor in our architecture to save the data, then we can imple‐
ment a memory unit also.
As a future work, the memory property of the memristor can be made use of using this prop‐
erty, a very efficient memory unit can be implemented. Since the area required for the mem‐
ristor is very small, a very compact and area‐efficient memory cell can be developed which
can be used as an alternative for the existing memory cells. Also, only two‐state logic gates
are considered in this project. But in the future, by making use of the memory property of the
memristor, multi‐state logic functions can also be implemented. The op‐amps used in this
project can be replaced by more efficient and smaller op‐amps, thereby, further reducing the
area and leakage power and also increase the speed of operation of the circuit.

8. Summary
The concept of brain‐like processing unit was presented using resistive threshold logic. The
proposed memristor‐based resistive threshold logic gate was used to implement circuits that
could compute the fast Fourier transform of a given set of inputs. The proposed logic family
was found too advantageous in many ways. However, there are certain disadvantages too,
like the leakage power. Further development in the thresholding circuit will help to over‐
come this issue. In addition, the ability of the proposed architecture to perform brain‐like
processing can be seen as an early step in achieving the goal of mimicking brain‐like process‐
ing unit in VLSI.
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Abstract
Many power electronic applications demand generation of voltage of a rather good
sinusoidal waveform. In particular, dc-to-ac voltage conversion could be done by
multilevel inverters (MLI). A number of various inverter topologies have been
suggested so far: diode-clamped (DC) MLI, capacitor-clamped (CC) MLI, cascaded
H-bridge (CHB) MLI, and others. Fourier series expansions have been used to investigate and to form a basis of different topologies comparison, to discover their advantages
and disadvantages, and to determine their control. In this chapter, we discuss modulation strategies of DCMLI and CHBMLI, solve their harmonics spectra analytically, and
compare them using harmonic distortion indices.

Keywords: Fourier series, multilevel inverters, pulse width modulation, harmonics,
THD

1. Introduction
The term “power electronics” is used for a family of electrical circuits which convert electrical
energy from one level of voltage/current/frequency to other using semiconductor-based
switches. The switching process in power electronic converters is called modulation, and development of optimum modulation strategies has been the subject of research in power engineering during several past decades. Electrical power conversion has evolved as new topologies,
switching devices, control, and modulation strategies have been proposed. Each group of
power electronic converters has its own preferable modulation approach optimizing the circuit
performance, addressing such issues as switching frequency, distortion, losses, and harmonics
generation. Only voltage source inverters modulation will be discussed below.
Before turning to specific issues of modulation, one needs to establish a common basis to
compare the modulation schemes. Different merits are used to evaluate a particular pulse
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width modulation (PWM) implementation: diminished harmonics [1], filtered distortion performance factors [2], and the root-mean-square (RMS) harmonic ripple current [3]. In this text,
analytical solutions to PWM strategies are used to compare magnitude of various harmonic
components. This approach has a number of advantages [4].
Firstly, the conventional method of determining harmonic components of a switched waveform using fast Fourier transform (FFT) of the waveform is sensitive to the time resolution of
the simulation and periodicity of the overall waveform. Moreover, it ensures that intrinsic
harmonic components of PWMs are not affected by such factors as simulation round off errors,
dead time, switch ON-state voltages, DC bus ripple voltages, etc.
Secondly, PWM strategies can be compared at exactly the same phase leg switching frequency.
And thirdly, the first-order weighted total harmonic distortion (WTHD) is used for a quick
comparison of PWMs since it has a physical meaning (the normalized current ripple expected
into an inductive load when fed from the switched waveform) and often used performance
indicator.
The rest of the paper is organized as follows. In Section 2, information on the double Fourier
series expansions and necessary relations is given. Essentials on PWM are provided in Section
3. Different voltage inverter topologies and their analytical PWM solutions are presented in
Section 4. Harmonic distortion factors of the introduced inverter topologies, different modulation schemes are compared in Section 5, and a summary on the chapter is given in Section 6.

2. Double Fourier series expansion
2.1. Double Fourier series decomposition for a double variable function
It is well known that a periodic two variable waveform f ðx, yÞ can be expressed in the form
f ðx, yÞ ¼

∞
∞
A00
þ ∑ ½A0n cos ny þ B0n sin ny� þ ∑ ½Am0 cos mx þ Bm0 sin mx�
2
n¼1
m¼1
∞

þ ∑

∞

∑ ½Amn cos ðmx þ nyÞ þ Bmn sin ðmx þ nyÞ�

(1)

m¼1 n¼−∞
n≠0

where the double Fourier series components can be found in a complex form:
Cmn ¼ Amn þ jBmn

1
¼ 2
2π

ðπ ðπ

−π −π

f ðx, yÞ ejðmxþnyÞ dx dy:

(2)

The first term in Eq. (1) is the DC offset that should be zero or negligibly small. The second
summation term represents the baseband harmonics. The first baseband harmonic, n ¼ 1, is the
fundamental harmonic whose magnitude defines the magnitude of the output waveform.
Other baseband harmonics, n > 1, represent low-frequency undesired fluctuations about
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the fundamental output and should preferably be eliminated with the modulation process.
The third summation term in Eq. (1) corresponds to the carrier harmonics which are relatively
high-frequency components. Finally, the last double summation term in Eq. (1) corresponds
to groups of the sideband harmonics of order n located around the mth carrier harmonic
component.
2.2. Jacobi-Anger expansion and Bessel functions relations
The magnitudes of harmonic components in Eq. (1) are to be determined for each PWM
scheme for each particular combination of indexes m and n. The evaluations are based on
Jacobi-Anger expansions
∞

∞

k¼1

k¼−∞

e�jξ cos θ ¼ J 0 ðξÞ þ 2 ∑ j�k J k ðξÞ cos kθ ¼ ∑ jk J k ðξÞ ejkθ

(3)

and a number of Bessel function properties: J −n ðξÞ ¼ ð−1Þn J n ðξÞ and J n ð−ξÞ ¼ ð−1Þn J n ðξÞ, that
particularly implies J 0 ð−ξÞ ¼ J 0 ðξÞ [5].
2.3. Parseval’s theorem
Givenf ðxÞ is a periodic function with the period T, it can be represented by its Fourier series
f ðxÞ ¼ a0 =2 þ ∑∞n¼1 an cos nωt þ bn sin nωt where ω ¼ 2π=T is the fundamental angular frequency. Then, on ½−T=2, T=2�, the Parseval’s theorem assumes the form
1
T

T=2
ð

−T=2

f 2 ðxÞ dx ¼

∞ a2 þ b2
a20
n
þ ∑ n
:
4 n¼1 2

(4)

3. Pulse width modulation
To introduce the concept of PWM, let us consider a basic configuration of one-phase two-level
inverter leg shown in Figure 1. It consists of two switches, S1 and S2 , and two diodes, D1 and
D2 . Switches S1 and S2 are operating alternately at high frequency to generate a quasiperiodic
output voltage va ðtÞ, whose low-frequency components are intended to deliver a prescribed
AC supply. When the switch S1 (S2 ) is ON, a positive voltage, þV dc , (respectively, negative
voltage, −V dc ) is supplied to a load at the connection point a.
The essential concept of a two-level pulse-width-modulated converter system is that a lowfrequency target waveform is compared against a high-frequency carrier waveform, and the
comparison result is used to control the state of a switched phase leg. In case of the inverter in
Figure 1, the phase leg is switched to the upper DC rail when the target waveform is greater
than the carrier waveform, otherwise to the lower DC rail. As a result, a sequence of pulses
switching between the upper and the lower DC rails is generated, which contains the target
waveform as the fundamental component but also a series of unwanted harmonics arising due
to the switching process.
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Figure 1. Half-bridge one phase two-level inverter leg.

The most well-known analytical method of determining the harmonic components of a PWM
switched phase leg was first developed by Bowes and Bullough [1], who adopted an analysis
approach originally developed for communication systems by Bennet [6] and Black [7] to
modulated converter systems.
The analysis is based on the existence of two time variables xðtÞ ¼ ωc t and yðtÞ ¼ ω0 t, where ω0
and ωc are the angular frequencies of the fundamental (target, sinusoid) low-frequency modulated waveform and the carrier high-frequency modulating waveform, ω0 ≪ ωc .Variables
xðtÞ and yðtÞ are considered to be independently periodic. If the ratio ωc =ω0 is integer, the
generated pulse width trail will be periodic [4].
The problem of finding a PWM for the modulated periodic waveform f ðtÞ can be solved by
exploring a unit cell which identifies contours within which f ðtÞ remains constant for cyclic
variations of xðtÞ and yðtÞ and is equal to the phase leg output voltage. Thus, a three-dimensional (3D) unit cell is a plot of two time variables function with z assuming values of f ðx, yÞ
where x and y vary from −π to π. Contours of f ðx, yÞ within the unit cell depend on a particular
PWM strategy which will be discussed below.
3.1. Carrier-based PWM schemes
3.1.1. Carrier waveforms and unit cells
Since the target waveform is usually a sinusoid, PWM schemes can be categorized based on
the carrier waveform: saw-tooth leading edge (Figure 2a), saw-tooth trailing edge (Figure 2b),
and double edge (Figure 2c).
Let the modulated waveform of a phase be given vid
a ¼ M cos y, where M is the modulation
index, 0 < M < 1. For the one-phase two-level inverter leg shown in Figure 1, unit cells with
contour plots for each carrier waveform modulation are presented in Figure 3. The output of
the modulated waveform assumes either þV dc or −V dc, and the regions of the constant output
are bounded by reference waveforms ΩðyÞ ¼ �πM cos y. For saw-tooth modulations, one of
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Figure 2. Carrier waveform: (a) saw-tooth leading edge; (b) saw-tooth trailing edge; (c) double edge.

Figure 3. Contour plots for a sine modulated reference waveform and different carrier modulating waveform: (a) sawtooth leading edge; (b) saw-tooth trailing edge; (c) double edge.

switching time instances (within a period of the carrier waveform) is independent of the
reference waveform resulting in only one side of the contour plot to be sinusoid. The doubleedge PWM both sides of the switched output are modulated providing better harmonic
performance unlike saw-tooth modulations [4]. Hereinafter, only double-edge modulation is
considered.
To determine the harmonics content and the output waveform of a particular PWM, the
double Fourier series coefficients Cmn (or, equivalently, Amn and Bmn ) are to be found using
Eq. (2). To solve the problem, the periodic function f ðx, yÞ is to be integrated over the unit cell
of the PWM scheme.
3.1.2. PWM sampling schemes
Based on the choice of switching time instances, PWM schemes can be divided into: naturally
sampled (NS), symmetrically regularly sampled (SR), and asymmetrically regularly sampled
(AR) PWMs.
3.1.2.1. Naturally sampled PWM
For NS PWM scheme, switching occurs at time instances corresponding to intersection of the
carrier and target waveforms. Switching time instances can also be determined as the intersection between the reference waveform and the solution trajectory y ¼ ðω0 =ωc Þx. For example,
switching time instances for the NS double-edge modulation of the one-phase two-level
inverter leg in Figure 1 are defined from its unit cell in Figure 3c such that f ðx, yÞ changes
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from −V dc to V dc when x ¼ −πM cos y,
from V dc to −V dc when x ¼ πM cos y.
3.1.2.2. Symmetrically regularly sampled PWM
Switching instances for SR PWM can be determined by the intersection between the sampled
sinusoid waveform and the solution trajectory line y ¼ y′ þ ðω0 =ωc Þx. The same switching
instances can be determined as the intersection between the continuous sinusoid waveform
and a staircase variable y′ which has a constant value within each carrier interval [4]. In
general, the value of y′ within each carrier interval can be expressed as
y′ ¼

ω0
2pπ,
ωc

p ¼ 0, 1, 2, …

(5)

where p represents the pth carrier interval within a fundamental cycle. The staircase variable y′
in terms of continuous variables x and y is given by
y′ ¼ y−

ω0
ðx−2pπÞ,
ωc

p ¼ 0, 1, 2, …:

(6)

The double Fourier series coefficients for the case of SR PWM with a triangle carrier can be
found analogously to NS PWM with variable y substituted by variable y′ found from Eq. (6).
Considering the previous example with the one-phase two-level inverter leg shown in Figure 1,
switching time instances for the SR double-edge modulation are defined such that f ðx, yÞ
changes
from −V dc to V dc when x ¼ −πM cos y′ ,
from V dc to −V dc when x ¼ πM cos y′ .
3.1.2.3. Asymmetrically regularly sampled PWM
Switching time instances for AR PWM are determined similarly to SR PWM. Unlike SR PWM,
switching occurs twice within each carrier interval for AR PWM. The switching time instances
can be determined as the intersection between the continuous sinusoid waveform and two
staircase variables
ω0 
π
yi ′ ¼
2pπ þ ð−1Þi , i ¼ 1, 2,
(7)
ωc
2
which can be expressed in terms of continuous variables x and y as
ω0 
π
x−2pπ−ð−1Þi , i ¼ 1, 2:
yi ′ ¼ y−
ωc
2

(8)

To write the double Fourier series integral for AR PWM, the switched waveform in each carrier
interval must be split into two sections for analysis, and with the results added by
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superposition, the first section (i ¼ 1) has modulated “rising” edge in the first half carrier
interval and a “falling” edge in the center of the carrier interval. The second section (i ¼ 2) has
a modulated “rising” edge in the center of the carrier interval and “falling” edge in the second
half carrier interval. Mathematically, this behavior can be expressed as a sum of two functions,
f 1 ðx, yÞ and f 2 ðx, yÞ, representing “rising” and “falling” edges of the double-edge carrier waveform f ðx, yÞ ¼ f 1 ðx, yÞ þ f 2 ðx, yÞ.
In the previous example with the one-phase two-level inverter leg (Figure 1), functions f 1 ðx, yÞ
and f 2 ðx, yÞ are defined as follows:
f 1 ðx, yÞ steps from V dc to −V dc at x ¼ xðy1 ′ Þ þ 2pπ and from −V dc to V dc at x ¼ 2pπ;
f 2 ðx, yÞ steps from V dc to −V dc at x ¼ 2pπ and from −V dc to V dc at x ¼ xðy2 ′ Þ þ 2pπ.

4. PWM for multilevel inverters
In this section, the following MLI topologies are presented: diode-clamped (DC) MLI, cascade
H-bridge (CHB) MLI, and capacitor-clamped (CC) MLI. The three-level diode-clamped
inverter, which is also called the neutral-point-clamped inverter, was initially introduced by
Nabae et al. [8] in 1981. Thereafter, diode-clamped, cascade H-bridge, and flying capacitor
MLIs with higher number of DC voltage levels have been developed [9–11].
4.1. Diode-clamped MLI
4.1.1. DCMLI circuit topology
A three-level diode-clamped inverter is shown in Figure 4a. In this circuit, the DC bus
voltage is split into three levels by two series-connected bulk capacitors, C1 and C2 . The
middle point of the two capacitors n can be defined as a neutral point. The inverter has two
complementary switch pairs: ðS1 , S3 Þ and ðS2 , S4 Þ; the complementary switches cannot be
turned on simultaneously. The output voltage va has three states: −V dc =2, 0, and V dc =2. For
voltage level V dc =2, switches S1 and S2 should be turned on; for −V dc =2, switches S3 and S4
should be turned on; and for the 0 level, switches S2 and S3 should be turned on.
Figure 4b shows a five-level diode-clamped converter whose DC bus consists of four capacitors: C1 , C2 , C3 , and C4 . Here, the output voltage va has five levels: −V dc =2, −V dc =4, 0, V dc =4,
and V dc =2. In this example, four complementary switches are ðS1 , S5 Þ, ðS2 , S6 Þ, ðS3 , S7 Þ, and
ðS4 , S8 Þ. For voltage level V dc =2, all upper switches S1 and S4 should be turned on; for voltage
level V dc =4, three upper switches S2 and S4 and one lower switch should be turned on; for
voltage level 0, two upper switches S3 and S4 and two lower switches S5 and S6 should be
turned on; for voltage level −V dc =4, one upper switch S4 and three lower switches S5 and
S7 should be turned on; and for voltage level −V dc =2, all lower switches S5 and S8 should
be turned on.
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Figure 4. DCMLI circuit topologies: (a) three-level; (b) five-level.

Development of DCMLI of a higher level is constrained by diodes rating for reverse voltage
blocking. The number of diodes increases quadratic in the level of inverter; therefore, construction of DCMLI beyond certain level will be impractical. Moreover, the diode recovery time is
the major challenge in high-voltage high-power applications [12].
4.1.2. Carrier-based PWM schemes for DCMLIs
For DCMLIs, two or more carrier waveforms are used to modulate the target waveform. The
number of waveforms depends on the level of the converter. Usually, the level of an inverter is
an odd number, and if L is the level of the converter, then the number of carrier waveforms is
L−1.
Carrier waveforms can be shifted with respect to each other. Based on the shift between the
carrier waveforms, following modulation schemes are identified:
•

phase opposition disposition (POD): all carrier waveforms above zero are in phase and
180° out of phase with those below zero;

•

alternative phase opposition disposition (APOD): every carrier waveform is 180° out of
phase with its neighbors;

•

phase disposition (PD): all carrier waveforms are in phase.
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Figure 5. POD PWM scheme for a five-level inverter with the sinusoid reference waveform.

Figure 6. APOD PWM scheme for a five-level inverter with the sinusoid reference waveform.

Figure 7. PD PWM scheme for a five-level inverter with the sinusoid reference waveform.

An example of each PWM scheme for a five-level inverter is shown in Figures 5–7. Apparently,
there is no difference between POD and APOD for three-level inverters.
4.1.3. Contour plots for DCMLIs
If L is the level of the inverter, it denotes N ¼ ðL−1Þ=2. Then, function f ðx, yÞ of voltage level
assumes one of the values: −NV dc =ðL−1Þ, −ðN−1ÞV dc =ðL−1Þ, …, 0, …, NV dc =ðL−1Þ. Let us denote
carrier waveforms as xc1 ðtÞ, xc2 ðtÞ, …, xcL−1 ðtÞ beginning from the lowest one. If the reference
waveform is less than xc1 ðtÞ, then f ðx, yÞ ¼ −NV dc =ðL−1Þ; if the reference waveform is greater
than xci−1 ðtÞ and less than xci ðtÞ, i ¼ 2, …, L−1, then f ðx, yÞ ¼ −ðN−i þ 1ÞV dc =ðL−1Þ; and, finally,
f ðx, yÞ ¼ NV dc =ðL−1Þ if the reference waveform is greater than xcL−1 ðtÞ.
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To determine the corresponding contour plot, interval ½−π; π� of the y-axis should be divided
in 2N−1 intervals with limits defined by M cos y ¼ m=N, m ¼ −N, −ðN−1Þ, …, N. One also
needs to consider separately “rising” and “falling” edges of each carrier waveform
corresponding to two intervals of variable x: −π ≤ x ≤ 0 and 0 ≤ x ≤ π. Then, the condition that
the reference waveform is greater than the carrier waveform xci ðtÞ for “rising” and “falling”
edges becomes, respectively:
NM cos y >
NM cos y > −

xci
if 0 ≤ x ≤ π,
π
xci
if −π ≤ x ≤ 0:
π

(9)
(10)

Similarly, the opposite conditions can be defined. Solving in Eqs. (9) and (10) for all values of
f ðx, yÞ, one can find the contour plot of a particular PWM scheme, accounting for the voltage
level in each domain. Examples of different PWM schemes for three- and five-level diodeclamped inverter are given in Figures 8–12.

Figure 8. PD PWM scheme for a three-level diode-clamped inverter.

Figure 9. POD PWM scheme for a three-level diode-clamped inverter.
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Figure 10. PD PWM scheme for a five-level diode-clamped inverter (here φ2 ¼ π−φ1 and φ1 ¼ cos −1 ð1=2MÞ).

Figure 11. POD PWM scheme for a five-level diode-clamped inverter (here φ2 ¼ π−φ1 and φ1 ¼ cos −1 ð1=2MÞ).

Figure 12. APOD PWM scheme for a five-level diode-clamped inverter (here φ2 ¼ π−φ1 and φ1 ¼ cos −1 ð1=2MÞ).
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4.1.4. Harmonic spectra of DCMLIs
Once the unit cell with contour plots of voltage level domains for a particular PWM is
obtained, harmonic components of the PWM can be found using Eq. (2) with the help of
equations given in Section 2.2. Output voltage waveforms and their Fourier transforms are
given below for three- and five-level diode-clamped inverters using different modulation
strategies. Harmonic components magnitudes are plotted for first harmonic numbers assuming M ¼ 0:8 and ωc =ω0 ¼ 40.
The output voltage of a three-level diode-clamped inverter modulated by NS POD/APOD
PWM is given by
va ðtÞ ¼ V dc M cos ðω0 tÞ þ

2V dc ∞ 1 ∞
∑
∑ ð−1Þp J 2pþ1 ðmπMÞ cos ðmωc t þ ð2p þ 1Þω0 tÞ
π m¼1 m p¼−∞

(11)

and its harmonic components are plotted in Figure 13.

Figure 13. Theoretical harmonic spectrum of a three-level diode-clamped inverter modulated using NS POD/APOD
PWM.

The output voltage of a three-level diode-clamped inverter modulated using NS PD PWM can
be calculated as
p

vðtÞa ¼ V dc M cos ðω0 tÞ þ
þ

2V dc ∞ 1 ∞ J 2pþ1 ð2qπMÞð−1Þ
∑
∑
cos ð2qωc t þ ð2p þ 1Þω0 tÞþ
π q¼1 2q p¼−∞
2s þ 1

4V dc ∞ 1 ∞ ∞ J 2sþ1 ðð2q−1ÞπMÞð−1Þp
∑
∑ ∑
cos ðð2q−1Þωc t þ 2pω0 tÞ
π2 q¼1 2q−1 p¼−∞ s¼−∞
2p þ 2s þ 1

(12)

and its theoretical harmonic spectrum is shown in Figure 14.
The output voltage of a five-level diode-clamped inverter obtained by NS POD PWM can be
found as follows:
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Figure 14. Theoretical harmonic spectrum of a three-level diode-clamped inverter modulated using NS PD PWM.

2V dc ∞ 1 ∞
∑
∑ ð−1Þp J 2pþ1 ð4qπMÞ cos ð2qωc t þ ð2p þ 1Þω0 tÞþ
π q¼1 2qp¼−∞
3
2
�π
�
ð−1Þp J 2pþ1 ð2ð2q−1ÞπMÞ −2φ
7
2
4V dc ∞ 1 ∞ 6
6
∞
sin ð2ðp þ s þ 1ÞφÞ 7
∑ 6
þ 2 ∑
sþ1
7,
5
π q¼1 2q−1 p¼−∞4 þ ∑ ð−1Þ J 2sþ1 ð2ð2q−1ÞπMÞ
pþsþ1
s¼−∞

va ðtÞ ¼ 2V dc M cos ðω0 tÞ þ

(13)

sþpþ1≠0

where φ ¼ cos −1 ð1=2MÞ and its harmonic spectrum is plotted in Figure 15.
The output voltage of a five-level diode-clamped inverter modulated by NS APOD PWM is
given by
va ðtÞ ¼ 2V dc M cos ðω0 tÞ þ

2V dc ∞ 1 ∞
∑
∑ ð−1Þmþp J 2pþ1 ð2mπMÞ cos ðmωc t þ ð2p þ 1Þω0 tÞ (14)
π m¼1 m p¼−∞

and its harmonics are plotted in Figure 16.

Figure 15. Theoretical harmonics spectrum of a five-level diode-clamped inverter modulated using NS POD PWM.
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Figure 16. Theoretical harmonic spectrum of a five-level diode-clamped inverter modulated using NS APOD PWM.

The output voltage of a five-level diode-clamped inverter modulated using NS PD PWM is
given by
2V dc ∞ 1 ∞
∑
∑ ð−1Þp J 2pþ1 ð4qπMÞ cos ð2qωc t þ ð2p þ 1Þω0 tÞþ
π q¼1 2q p¼−∞


cos
πðp
þ
sÞ
−2 sin ðφð2p þ 2s þ 1ÞÞ
∞
∞
∞
4V dc
1
∑ ð−1Þs J 2sþ1 ð2ð2q−1ÞπMÞ
∑
þ 2 ∑
2p þ 2s þ 1
π q¼1 2q−1 p¼−∞ s ¼ −∞

va ðtÞ ¼ 2V dc M cos ðω0 tÞ þ

2pþ2s≠−1

· cos ðð2q−1Þωc t þ 2pω0 tÞ

(15)

where φ ¼ cos −1 ð1=2MÞ and the theoretical harmonics spectrum is shown in Figure 17.

Figure 17. Theoretical harmonic spectrum of a five-level diode-clamped inverter modulated using NS PD PWM.

Below theoretical harmonic contents for SR and AR PWM are presented for a three-level
diode-clamped inverter. The output voltage of a three-level diode-clamped inverter modulated
with SR POD PWM can be found using
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Cm, 2nþ1 ¼

2V dc
ð−1Þn J 2nþ1 ðqπMÞ
qπ

(16)

where q ¼ m þ nω0 =ωc . Its harmonics content is shown in Figure 18.
The harmonic spectrum of a three-level diode-clamped inverter modulated with SR PD PWM
can be determined by equations
Cm, 2p ¼

2V dc 1−ejqπ ∞
J
ðqπMÞ
∑ ð−1Þp 2kþ1
π2
q k¼−∞
2p þ 2k þ 1

Cm, 2pþ1 ¼

V dc 1 þ ejqπ
ð−1Þp J 2pþ1 ðqπMÞ
π
q

where q ¼ m þ nω0 =ωc . First harmonics are plotted in Figure 19.

Figure 18. Theoretical harmonic spectrum of a three-level diode-clamped inverter modulated using SR POD PWM.

Figure 19. Theoretical harmonic spectrum of a three-level diode-clamped inverter modulated using SR PD PWM.

(17)

(18)
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The harmonic spectrum of a three-level diode-clamped inverter modulated with AR POD
PWM can be determined by equations

Cmn

�
�
�
�
�� 3
� π� π
1
πω0
π
ω0
sin n
þ
sin n
þ J n ðqπMÞ sin n 1−
7
2ωc
ωc
2
2� �
2V dc ð1−ejnπ Þ 6
�� 2�
7
6n
�
∞
¼
7
6
1
π
ω
π
0
5
4 þ ∑
π2 q
sin ðn þ kÞ
J k ðqπMÞ sin
k−n
n
þ
k
2
2
ω
c
k¼−∞
2

(19)

nþk≠0

where q ¼ m þ nω0 =ωc and n is odd. A series of lower order harmonics are shown in Figure 20.

Figure 20. Theoretical harmonic spectrum of a three-level diode-clamped inverter modulated using AR POD PWM.

The harmonic spectrum of a three-level diode-clamped inverter modulated with AR PD PWM
can be found using equations
2V dc ∞ J 2sþ1 ðqπMÞ� jðqþ2sÞπ �
∑
1−e
(20)
π2 q s¼−∞ 2s þ 1
�
�
� �
�� 3
2
� π�
1
π ω0
π
ω0
nþ1 π
sin n
sin n
þ ð−1Þ
J ðqπMÞ sin n 1 þ
7
2V dc ð1 þ ejqπ Þ 6
ω
2 ωc
2
2 n
2
6n
� �
�� c 7
¼
kþ1
�
�
5
4
2
∞
ð−1Þ
π
π
ω0
πq
sin
þ ∑
J k ðqπMÞ sin ½n þ k�
kþn
ωc
2
2
k¼−∞ k≠−n n þ k
Cm0 ¼

Cmn

(21)

where q ¼ m þ nω0 =ωc and n is odd in Eq. (21). A series of lower order harmonics are shown in
Figure 21.
4.2. Cascaded H-Bridge MLI
4.2.1. CHBMLI circuit topology
A single-phase H-bridge inverter is shown in Figure 22. It is made up of two single-phase inverter
legs (Figure 1) connected to a common DC bus. Each phase is modulated in complementary
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pattern by a carrier/reference waveform comparison when the switching occurs as it is described
above. A single-phase full-bridge inverter generates voltage of three levels: −V dc , 0, and V dc :

Figure 21. Theoretical harmonic spectrum of a three-level diode-clamped inverter modulated using AR PD PWM.

Figure 22. A single-phase H-bridge (full-bridge) inverter.

A cascaded H-bridge multilevel inverter, also called cascaded multicell inverters [12], consists
of a number of series-connected single-phase H-bridge inverters connected to separate dc
voltage sources. The resulting phase voltage is synthesized by addition of the voltages generated by different cells and is nearly sinusoidal even without filtering. An example of a fivelevel cascaded H-bridge inverter is shown in Figure 23.
Cascaded MLI topology has several advantages: each cell can be controlled independently
from the others. Although communication between cells is required to achieve synchronized
reference and carrier waveforms, controllers can be distributed. The control scheme is significantly easier than the ones for other topologies. However, it has not been used in practice in
low power applications because a separate isolated dc voltage supply is needed for each full
H-bridge [4].
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Figure 23. A five-level cascaded H-bridge inverter topology.

4.2.2. Carrier-based PWM schemes for CBHMLIs
Three-level modulation of a single-phase full-bridge inverter can be obtained via combination
of voltage modulations of two phase legs a and b. The phase legs are modulated with 180
opposed reference waveforms given by
V dc
M cos y,
2

(22)

V dc
M cos ðy−πÞ:
2

(23)

vid
a ðtÞ ¼
vid
b ðtÞ ¼

The fundamental line-to-line (l-l) output reference voltage for the inverter is the difference
between two phase reference voltages and is equal to
id
id
vid
ab ðtÞ ¼ va ðtÞ−vb ðtÞ ¼ V dc M cos y:

Then, the l-l output voltage harmonic components for the inverter are given by

(24)

Application of Fourier Series Expansion to Electrical Power Conversion
http://dx.doi.org/10.5772/66581

vab ðtÞ ¼ va ðtÞ−vb ðtÞ:

(25)

Applying different PWM schemes to a single-phase half-bridge inverter, one can obtain various modulations for the full-bridge inverter: NS, SR, and AR.
4.2.3. Harmonic spectra of CHBMLIs
The harmonic solution for NS PWM of a phase leg is given by
va ðtÞ ¼

�
V dc V dc
2V dc ∞ 1 ∞ � π �
π�
∑
∑ J n m M sin ½m þ n�
þ
M cos ðω0 tÞ þ
cos ðmωc t þ nω0 tÞ:
2
2
π m¼1 m n¼−∞
2
2

(26)

Eq. (26) can be applied for each phase leg accounting for 180° phase shift of the reference
waveforms resulting in the following harmonic spectrum for NS PWM of a full-bridge inverter:
vNS
ab ðtÞ ¼ V dc M cos ðω0 tÞ þ

4V dc ∞ 1 ∞
∑
∑ J
ð2mπMÞ cos ð½m þ n�πÞ cos ð2mωc t þ ½2n þ1�ω0 tÞ:
π m¼1 2m n¼−∞ 2nþ1
(27)

The harmonic spectrum of the output voltage of a full-bridge inverter modulated using SR
PWM is equal to
�
�
2
ω0 π
� �
� �
J
n
M
∞
n
ωc 2
4V dc 4
ω0 π
π
∑
ðtÞ
¼
sin
n
1
þ
j sin n j cos ðnω0 tÞ
vSR
ab
n ωω0c
π n¼1
ωc 2
2
∞

∞

þ∑ ∑

Jn

m¼1n¼−∞

i
�h
�
m þ n ωω0c π2 M
m þ n ωω0c

sin

��

#
� �
ω0 π
π
mþnþn
j sin n j cos ðmωc t þ nω0 tÞ
ωc 2
2

(28)
and using AR PWM it is given by
vAR
ab ðtÞ ¼
∞

∞

þ∑ ∑

m¼1n¼−∞

J 2n−1

2

4V dc 4
∑
π n¼1
∞

�
�
J n n ωω0c π2 M

�h
�
i
m þ n ωω0c π2 M
m þ n ωω0c

n ωω0c

� π�
cos ðnω0 tÞ
sin n
2

#
π�
π
sin ½m þ n� j sin n j cos ðmωc t þ nω0 tÞ :
2
2
�

(29)

It can be seen that all odd carrier and associated sideband harmonics as well as even
sideband harmonics are cancelled out from the l-l output voltage. A further cancellation
can be obtained by appropriately phase shifting the remaining harmonics of several seriesconnected single-phase H-bridges. This process is called phase-shifted cascaded (PSC)
PWM. The major principle is that the phase shift between two phases of each H-bridge
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cell is kept 180°, and then, carriers of each H-bridge are shifted with respect to each other.
Optimum harmonic cancellation is achieved via phase shifting each carrier by ði−1Þπ=N,
where i is the ith converter, N is the number of series-connected single-phase inverter legs,
and N ¼ ðL−1Þ=2 and L is the number of voltage levels that can be achieved. This modulation is also called phase shift (PS) PWM. The overall cascaded inverter phase leg to dc
link midpoint voltage can be obtained by adding up the l-l output reference voltages of
each cell:
N

vðtÞ ¼ ∑ viab ðtÞ:
i¼1

(30)

One can see in Figures 24–32 that carrier harmonics of odd order and even order sideband
harmonics are cancelled out in the three-level CHB inverter for all presented topologies, and
increasing the level of the inverter is leading to cancelling out other carrier harmonics of order
m≠kN, k ¼ 1, 2, 3, :::

Figure 24. Theoretical harmonic spectrum of a single-phase half-bridge inverter modulated using NS PS PWM.

Figure 25. Theoretical harmonic spectrum of a single-phase full-bridge inverter modulated using NS PS PWM.
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Figure 26. Theoretical harmonic spectrum of a single-phase cascaded H-bridge inverter modulated using NS PS PWM.

Figure 27. Theoretical harmonic spectrum of a single-phase half-bridge inverter modulated using SR PS PWM.

Figure 28. Theoretical harmonic spectrum of a single-phase full-bridge inverter modulated using SR PS PWM.
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Figure 29. Theoretical harmonic spectrum of a single-phase cascaded H-bridge inverter modulated using SR PS PWM.

Figure 30. Theoretical harmonic spectrum of a single-phase half-bridge inverter modulated using AR PS PWM.

Figure 31. Theoretical harmonic spectrum of a single-phase full-bridge inverter modulated using AR PS PWM.
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Figure 32. Theoretical harmonic spectrum of a single-phase half-bridge inverter modulated using AR PS PWM.

5. Harmonic distortion
Modern power electronic equipment operates in different discrete modes which causes a
deviation of the output waveform from the desirable sine waveform due to insertion of
undesirable harmonics. The rate of the deviation is presented by a number of basic indices
characterizing the harmonic distortion. In particular, these indices enable us to compare the
effectiveness of various inverter modulation algorithms. The indices are introduced in this
section, and different inverter topologies are compared in their terms.
5.1. Harmonic distortion indices
Given that the output voltage vðtÞ of a power converter is a periodic function with period T,
the root-mean-square (RMS) value of the function is defined by

V rms

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u ðT
u
u1
¼ t vðtÞ2 dt:
T

(31)

0

Since vðtÞ is periodic with the Fourier series vðtÞ ¼ V 0 þ ∑∞n¼1 V n cos ðnωt þ ϕn Þ, the Parseval’s
theorem can be used to find the RMS voltage of vðtÞ:
V rms

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
∞ V2
¼ V 20 þ ∑ n :
n¼1 2

(32)

In most of the practical cases, the fundamental harmonic V 1 can be considered as the desired
output voltage. The reminder of this expression is then considered as a “distortion” to the
output. Factoring out V 1 gives us
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V rms

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
� �2
∞
2V 20
Vn
,
¼ V 1, rms 1 þ 2 þ ∑
V 1 n¼2 V 1

(33)

pﬃﬃﬃ
where V 1, rms ¼ V 1 = 2. The total harmonic distortion (THD) of the voltage is defined as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
� �2ﬃ
∞
2V 20
Vn
þ ∑
THD ¼
V 21 n¼2 V 1

(34)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ THD2 :

(35)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
� �2
∞
Vn
∑
n¼2 n

(36)

and the RMS voltage becomes
V rms ¼ V 1, rms

For the purpose of comparing various switching strategies, the weighted total harmonic distortion
(WTHD) is used:
1
WTHD ¼
V1

In the case of pulse-width-modulated inverters, the DC voltage remains constant, while the
fundamental component varies. On the other hand, for the same ratio of switching to output
frequency, the harmonic components vary relatively little, resulting in a large variation of
THD and WTHD. Therefore, a normalized WTHD can be used. For the case of half-bridge
inverter, the normalization factor is chosen to be the value of the fundamental ac voltage
when the modulation index M equals 1, that is, V dc . Thus, the normalized WTHD, WTHD0,
becomes
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
� �2ﬃ
∞ 1
Vn
V1
∑ 2
¼ WTHD
¼ WTHD � M:
WTHD0 ¼
V dc
V dc
n¼2 n

(37)

5.2. Harmonic distortion indices for a DCMLI
Harmonic distortion indices for all presented inverter topologies and PWMs are provided in
Table 1. Spectra are evaluated for M ¼ 0:8 and ωc =ω0 ¼ 40. It can be noted that a half-bridge
inverters and full-bridge inverters demonstrate similar waveform quality regardless the PWM
strategy applied. Cascaded H-bridge inverters show improvement in performance with
increase in number of levels, which appears due to extensive harmonics cancelations up to
harmonics of a high order. Performance of diode-clamped inverters also improves with
increasing number of levels; however, the improvement is significantly lower than for the
cascaded H-bridge inverters.
There is a substantial difference between different modulations used for the same converter.
For example, AR PD is showing the worst performance among all other carrier-based
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modulations of a three-level DC inverter which can be explained by the fact that very few
harmonics are cancelled unlike the other modulations.
V rms (p.u.)

THD (%)

WTHD (%)

WTHD0 (%)

Three-level diode-clamped inverter phase leg
NS POD/APOD PWM

0.6959

71.66

1.58

1.27

NS PD PWM

0.6959

71.65

1.58

1.27

SR POD/APOD PWM

0.6959

71.76

1.59

1.27

SR PD PWM

0.7003

73.23

3.70

2.96

AR POD/APOD PWM

0.6956

71.61

1.58

1.26

AR PD PWM

0.6131

42.37

1.82

1.46

Five-level diode-clamped inverter phase leg
NS POD PWM

0.6790

65.91

1.57

1.26

NS PD PWM

0.6457

55.02

1.30

1.04

NS APOD PWM

0.6007

35.71

0.81

0.65

Five-level cascaded H-bridge inverter phase leg
AR PS PWM

0.5929

31.44

0.20

0.16

SR PS PWM

0.6638

61.60

0.67

0.53

NS PS PWM

0.5930

31.43

0.20

0.16

Three-level cascaded H-bridge inverter phase leg
AR PS PWM

0.6856

68.50

0.79

0.63

SR PS PWM

0.6856

68.67

0.79

0.64

NS PS PWM

0.6856

68.47

0.79

0.63

AR PWM

0.4796

136.98

2.87

2.30

SR PWM

0.4797

137.15

2.87

2.30

NS PWM

0.4796

136.93

2.87

2.30

Single phase half-bridge inverter

Table 1. Harmonic distortion factors for MLI.

6. Conclusion
In this chapter, an application of double Fourier series to analytical analysis of power width
modulation of power electronic converters was presented. The pulse width modulation concept was given, and different pulse width modulation schemes were described. Harmonic
spectra and various distortion factors were calculated for various inverter topologies, namely
three- and five-level diode-clamped inverters, three- and five-level cascaded H-bridge
inverters, and modulated using different PWM schemes. PWM schemes performance varied
for different converter topologies; therefore, the preferable PWM strategy is usually determined by a specific converter topology.
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Comparing different topologies, the cascaded H-bridge topology contains the least number of
sideband harmonics, and they can be further eliminated by increasing the number of levels of
the inverter. DCMLIs and CCMLIs are constrained in the number of levels due to diodes
physical properties.
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Abstract
The intention of this chapter is to contribute in clarification of nanoparticle synthesis and
biocomplexes based on exopolysaccharide, green synthetic method development, their
physico‐chemical characterization by modern spectroscopy, as well as testing of their
antimicrobial activity. Silver nanoparticles of polysaccharide type have scientific interest,
but practical importance too, because of their application in pharmaceutical and cosmetic
product development due to proven antimicrobial and antioxidant activities. On the
other hand, the biocomplexes based on exopolysaccharides are important in treatment
of biometal deficiency in human and veterinary medicine, as well as in metal ion trans‐
porting in organism. Despite a number of studies of this kind of complexes, the investi‐
gations of effect of their structure to pharmaco‐biological activity are still interesting. It
is important that question of interaction between reducing and stabilizing agents with
metal ions is still opened. In this respect, the presented chapter offers further progress
in the examination of silver nanoparticles and cobalt biocomplex synthesis with dextran
oligosaccharides and its derivatives (such as dextran sulfate and carboxymethyl dextran).
The complex structure, spectroscopic characterization, and the spectra‐structure corre‐
lation have been analyzed by different Fourier transform infrared (FTIR) spectroscopic
techniques combined with energy‐dispersive X‐ray (EDX), X‐ray diffraction (XRD), scan‐
ning electron microscopy (SEM), and surface plasmon resonance UV‐Vis methods.
Keywords: nanoparticles, biocomplexes, polysaccharides, silver, cobalt, FTIR
spectroscopy
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1. Introduction
Investigation of nanoparticles by different methods, especially by Fourier transform infrared
(FTIR) spectroscopy, is very interesting in last years since they have a wide potential applica‐
tion in different industries [1–5]. Thus, silver nanoparticles (AgNP) of polysaccharide type
and other natural products have scientific interest, but practical importance too, because of
their application in pharmaceutical and cosmetic products development due to proven anti‐
microbial and antioxidant activities [6–9]. The nanoparticles are commonly synthesized by
silver (or other metals) ions reduction to elementary state. But, reducing agents should also
possess stabilizing properties in order to prevent aggregation [1]. Bankura and coworkers
described a simple method of AgNP synthesis at room temperature from dextran, as well
as their characterization and microbiological activity [6]. Pullulan‐mediated Ag nanopar‐
ticles, their synthesis, characterization, and microbiological activities are also reported [4].
Soluble starch, starch‐like polysaccharides, and chitosan are used in AgNP synthesis [5–9].
AgNP chitosan/gelatin bionanocomposites have also been studied [5]. Compounds contain‐
ing carbonyl group are relatively easy complexed with different metals [10–12]. This func‐
tional group contains some polysaccharide derivatives like carboxymethyl cellulose (CMC) or
carboxymethyl dextran (CMD), which are obtained by different chemical reactions of proton
exchange between OH groups of glucoside moiety and carboxymethyl groups. AgNP‐CMC
nanoparticles were prepared in weak alkaline solution by reaction of AgNO3 with CMC as a
reducing and capping agent. It has been established that size distribution and morphology
of mentioned nanoparticles are depended on Ag: CMC weight ratio, reaction time, tempera‐
ture, and pH value of the reaction system. FTIR spectrophotometric analysis has shown that
interactions between AgNP and polysaccharide have steric character [13]. Studies of com‐
posite hydrazine‐CMD and CMD magnetic Fe‐based nanoparticles [14, 15] have shown that
solubility of these nanoparticles depends on pH value (NaOH), not on CMD content. This fact
indicates on strong interactions of carbonyl group with magnetic nanoparticles on the surface.
Hence, there are indications that carboxymethyl dextran form nanoparticles with Ag ions.
CMD possess COOH group which can react with positively charged Ag ions to form complex
compounds, but, it can also reduce Ag ions and stabilize the formed nanoparticles as in the
case of hyaluronic acid with AgNP [16]. Since CMD has the ability to form nanoparticles, the
intention of this chapter is to contribute in clarification of AgNP synthesis, physico‐chemical
characterization by FTIR spectroscopic, diffraction and chromatographic methods, as well
as testing of their antimicrobial activity. On the other hand, the biocomplexes based on exo‐
polysaccharides are important in treatment of biometals deficiency in human and veterinary
medicine [1, 17]. Polysaccharides, oligosaccharides and their derivatives, as well as simple
sugars, may be used as ligands for the synthesis of biocomplexes with different metal ions
(Cu, Fe, and Zn). These biocomplexes have an important role in metal ions transporting in
organism [18]. Despite a number of studies of this kind of complexes, the investigations of
effect of their structure to pharmaco‐biological activity are still interesting [19]. In this respect,
the presented chapter offers further progress in the investigation of cobalt complex synthesis
with dextran oligosaccharide, spectroscopic characterization, and the spectra‐structure cor‐
relation by various FTIR techniques.
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2. Green nanoparticles of silver
Recent investigations of nanoparticles synthesis are mostly directed to green synthetic meth‐
ods development. These methods include nontoxic reagents, synthesis procedures without
problematic side products, and especially usage of biodegradable materials. Thus, chemical
reduction in silver ions is the most frequently used besides photochemical or electrochemi‐
cal methods [1]. In order to reduce and stabilize the Ag nanoparticles, the polysaccharides
(dextran, starch, pullulan, cellulose) and their derivatives (dextran sulfate‐DS, carboxymethyl
cellulose, carboxymethyl dextran, chitosan, hyaluronic acid, heparin), and biocomposites
AgNP chitosan/gelatin, are developed and improved [2–6, 13, 14, 16, 20–25]. Characterization
of these particles has been carried out by UV‐Vis, FTIR spectroscopy, X‐ray diffraction (XRD),
and energy‐dispersive X‐ray (EDX) methods. Electronic microscopy techniques [scanning
electron microscopy (SEM) and TEM] are used for particle size determination and distribu‐
tion, as well as shape defining. It is interesting that question of interaction nature between
reducing and stabilizing agents with AgNP is still opened. Some authors [13] consider that
steric physical interactions are relevant, while others [2, 16] give an explanation via coor‐
dination complex of Ag ions with reducing and stabilizing agents which contain suitable
functional groups (COOH, NH2, OH, OSO3H), as in the case of Cu(II) ions complexes with
carboxymethyl dextran or dextran sulfate (Figure 1).

Figure 1. Structural fragment of dextran sulfate sodium salt (DS) and carboxymethyl dextran (CMD) molecule.

Having in mind these facts, it can be assumed that dextran sulfate, which contains one or
more sulfo groups in its structure, can be used as reducing and stabilizing agent for the AgNP
synthesis. Also, it may be assumed that dextran sulfate forms complexes similar to CMD
about what there are no literature data. Therefore, investigations in this chapter are related
to the AgNP‐DS and AgNP‐CMD synthesis, their characterization by different methods and
antimicrobial activity determination.
2.1. Synthesis procedure
The synthesis of AgNP‐DS has been performed in a reactor at temperature of 100°C, dur‐
ing 240 min, at constant pH of 7.5 and continuously stirring. Dextran sulfate has been used
as a ligand in the synthesis. The synthesis is performed by DS solution (100 cm3, 0.002 M)

151

152

Fourier Transforms - High-tech Application and Current Trends

adding in 100 cm3 of AgNO3 solution (0.001 M). The complex formation has been monitored
via changing of reaction solution color, from white to yellow. The AgNP‐DS complex was
precipitated with 96% ethanol after cooling down the reaction mixture to the room tem‐
perature. The obtained product has been dried at105°C under vacuum during 180 min. On
the other hand, the carboxymethyl dextran has been used in the case of the AgNP‐CMD
complex synthesis. The synthesis has been performed by 100 cm3 of AgNO3 (0.001 M) solu‐
tion adding in 200 cm3 of CMD ligand solution (0.002 M) at constant pH of 7.0 (adjusted
by NaOH). The synthesis is performed to the defined M:L ratio (from 1:1 to 1:2) by chang‐
ing of reagents volume. The complexation has been performed at 100°C and continuously
stirring during 120 min. A successful outcome of the AgNP‐CMD complex synthesis has
been identified by changing of reaction solution color, from white to yellow. The reaction
mixture has kept under reflux 24 h more, after that it has cooled to room temperature, and
the complex AgNP‐CMD has precipitated by 96% ethanol. Final product has been dried at
105°C under vacuum during 180 min. The prepared AgNP‐DS and AgNP‐CMD complexes
were characterized by different methods (FTIR, UV‐Vis, SEM, XRD, EDX) and by antimi‐
crobial activity.
2.2. FTIR study
The FTIR spectra were recorded by BOMEM MB‐100 (Hartmann & Braun, Canada) FTIR spec‐
troscope and by KBr technique, at room temperature with 2 cm−1 resolution. Spectra‐structure
correlation has been performed on empirical manner [2, 22], by comparing the spectra of
ligands (DS and CMD) with the spectra of their complexes (AgNP‐DS and AgNP‐CMD). The
appropriate FTIR spectra are shown in Figures 2 and 3.
The results of the complex AgNP‐DS spectral analysis are shown in Table 1. They show the
position and assignations of bands that come from vibrations of all types of sulfo groups
in DS and AgPN‐DS, as well as bands of deformation CH vibrations outside of the plane
of glucopyranose unit which are characteristic for its conformation determining. As it can
be seen in Table 1, there is a difference in the position of the νas(S–O) band which is shifted
~22 cm−1 toward lower frequencies in the AgPN‐DS spectrum (Figure 2), as well as the band
from νas(O–S–O) which is shifted ~8 cm−1 toward higher frequencies. This difference in the
bands position indicates the formation of coordination complexes between Ag ions and
DS, where there is a change in conformation of sulfo groups from Eq to Ax position. The
appearance of the spectrum in the area of C–CH out‐of‐plane deformational vibrations sur‐
face coupled with C–C–O, O–C–O and C–O–C vibrations depends on glucopyranose unit
conformation [25–27]. When it is 4C1 conformation, the bands at ~915 cm−1 (weak), 850 cm−1
(shoulder), and 752 cm−1 are expected in the spectrum. The results from Table 1 show that
starting DS retains the same conformation of glucopyranose unit during complex with Ag
ions formation. There is a sharp intensive band at 1384 cm−1 in the FTIR spectrum of AgNP‐
DS (Figure 2) observed by other authors who have investigated similar complexes and given
the explanation of its origin [4, 5, 13, 22]. So, in the case of AgNP‐CMD complex (Figure 3c),
some authors consider that this band is a result of νs(O–N–O) at O=NO2− radicals which
are formed from AgNO3 agents participating in the formation of nanoparticles through the
surface interactions [13].
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Figure 2. FTIR spectra of dextran sulfate sodium salt (a) and AgNP‐DS complex (b).

The infrared spectra of AgNP‐CMD products and starting CMD agent are compared with
literature data and dextran spectrum because of the major bands assignment (Figure 3). In the
CMD spectrum, vibrations of carboxymethyl groups: ν(C–O) around 1740 cm−1; deformation
vibration δ(C–OH) which appears around 1250 cm−1; ν(C–O) vibration around 1150 cm−1; and
deformation δ(C–O) vibration around 680 cm−1 are expected to oppose starting dextran for
CMD synthesis. Stretching ν(C–O) vibration has been found in similar carboxymethyl poly‐
saccharides; after carboxymethylation of the k‐carrageenan, ν(C–O) has found at 1737 cm−1
[28], for carboxymethylated glucan at 1736 cm−1 [29], as well as at 1750 cm−1 in the spectrum
of CMD [14]. As it can be seen from Figure 3b, the CMD spectra possess bands at 1740, 1244,
1139, and 682 cm−1 (which are marked by arrows) from CO carboxymethyl vibration of all
types. The aforementioned bands are not in the range of dextran (Figure 3a) as it is expected.
Changes in the position of the above‐mentioned bands can be a good indicator of bonds type
that is eventually formed by interaction with Ag+ ions [16]. Also, the changes in the area of
deformation vibration of C–OH are expected. In the case of AgNP‐CMD coordination com‐
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plexes formation, the frequency ν(C–O) band should be lower, or, if both O atoms of COOH
groups participate in the coordination, the frequency of ν(C–O) vibration should be higher
because of electron delocalization, as well as the absence of δ (C–OH) bands.

Figure 3. FTIR spectra of dextran (a), CMD (b), and AgNP‐CMD (c).

Assignation

DS (cm−1)

AgNP‐DS (cm−1)

Δν (cm−1)

νas (S‐O)

1261

1239

22

νs (S‐O)

988

1060

72

νas (O‐S‐O)

824

832

8

νs (O‐S‐O)

585

588

3

C1 conformation of the α‐d‐
glucopyranose ring

915

915

–

850

850

–

745

752

7

4

Table 1. FTIR analysis data showing various functional groups present in dextran sulfate (DS) and AgNP‐DS complex.
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Speaking about carboxylate anion, delocalization of electrons causes the order of two CO
bonds to be the same, so two bands (at 1600 and 1400 cm−1) are expected in CO stretching vibra‐
tion region, which are ascribed to asymmetric and symmetric C–O vibration, as it is indicated
in the literature [13, 16, 28]. The similar situation is in AgNP‐CMD complex (Figure 3c) in the
CO groups vibration area. In fact, in this area of the spectrum, there are two intensive bands
(at 1603 and 1420 cm−1) which, according to its position and intensity should be attributed,
νas(C–O) and νs(C–O) vibration, indicating coordination of Ag+ ions with a COOH group. In
support of this is the absence of ν(C–O) and δ(C–OH) vibration bands. The appearance of spec‐
trum in the area of 1000–700 cm−1, in all three tested compounds (Figure 3), is very similar and
according to the literature data [30, 31] suggests 4C1 conformation of the glucopyranose unit.
2.3. UV‐Vis study
Absorption spectra of starting ligand compounds (DSi CMD) as well as of final complexes
(AgNP‐DS and AgNP‐CMD) are obtained by UV‐Vis spectrophotometer (Varian Cary‐100
Conc.). Spectrophotometric analysis was carried out in the range of 200–800 nm using original
Cary UV‐Conc. (Varian) software. The obtained UV‐Vis spectra are presented in Figures 4 and 5.

Figure 4. UV‐Vis spectra of dextran sulfate (DS) and AgNP‐DS complex in function of the synthesis time.

Change in color from yellowish to brown, as well as careful interpretation of UV‐Vis spectra,
is used for estimating of AgNP synthesis [2–10]. A strong absorption band, called SPR band
(surface plasmon resonance), is expected in 370‐450 nm region in the UV‐Vis spectrum of
AgNP [32]. Its exact position depends on numerous factors (the most on AgNP size), while
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intensity depends on their concentration [4, 21, 33]. Changes in this band position are used as
a criterion of the AgNP stability, that is, aggregation of the nanoparticles during the time. As it
can be seen from Figure 4, the existence of SPR band at 410 nm indicates the AgNP formation.
However, its position is changed during synthesis with time, but after 2 h remains constant at
420 nm. The estimated particle size of AgNP‐DS based on the UV data [34] is approximately
40 nm. A change in color from yellowish to brown during the synthesis has been observed
in the case of AgNP‐CMD formation. SPR band for this complex (Figure 5), synthesized at
different molar ratio, is located at 420 nm, which is not present in the starting CMD. It is
characteristic that intensity of this band is proportional to the amount of AgPN‐CMD par‐
ticles; it increases with increasing amounts of CMD, or during staying of the reaction mixture
for 3 months (Figure 5C), which is similar to other studies [21]. Unchanged position of SPR
band speaks in favor of good aggregation stability of synthesized particles. UV area below
300 nm was not investigated in the literature. However, in the UV spectra of tested com‐
pounds (Figure 5), there is an intense band of the formed complex at 215 nm (π→π* transition
of the carboxyl group [35]) indicating red shift effect compared to CMD. This phenomenon is
an indicator of Ag ions interaction with CMD and AgNP‐CMD complex formation.

Figure 5. UV‐Vis spectra of CMD ligand, AgNP‐CMD = 1:1 complex (A), AgNP‐CMD = 1:2 complex (B), and AgNP‐CMD
complex after 3 months (C).

2.4. XRD study
Crystal structure of AgNP‐DS and AgNP‐CMD nanoparticles was determined and confirmed
by X‐ray diffraction (XRD) technique. The samples were prepared by press and pull method
in top‐loading specimen plate [36]. The diffractogram was measured in Bragg‐Brentano θ: 2θ
geometry by a conventional powder diffractometer, Seifert V‐14, using Cu Kα radiation (λCu
Kα1 = 1.5406 Å, Ni filter, generator settings: 30 kV, 30 mA). As an external standard for peak
position calibration and instrumental peak broadening determination, LaB6 was used. XRD
data were collected over the 2θrange of 5–90°with a step size of 0.02°, and an exposition time
of 2 s per step. The obtained diffractograms are shown in Figures 6 and 7.
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Figure 6. XRD diffraction patterns of AgNP‐DS complex.

Figure 7. XRD diffraction patterns of CMD and AgNP‐CMD complex.

From the presented X‐ray diffraction patterns of AgNP‐DS (Figure 6) can be noticed the XRD
peaks at 38.24, 44.32, 64.58, 77.59,and 81.79°. Based on literature data [4, 6], the characteristic
XRD peaks could be determined as next crystallographic planes: 111, 200, 220, 311, and 222.
These planes are specific for the face‐centered cubic silver crystals. This statement, along
with the specified values, indicates the presence of silver nanoparticles in the synthesized
AgNP‐DS complex. Similar to the previous study, the crystal structure of Ag nanoparticles
was determined with complex AgNP‐CMD. Based on X‐ray diffraction patterns (Figure 7)
and the presence of XRD peaks at 38.02, 44.50, and 64.51°, a particular crystallographic planes
are as follows: 111, 200, and 220, which are specific for the cubic silver crystals. According to
literature [4, 6], the XRD peak at 29.01° is characteristic of the CMD ligand.
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The calculation of average AgNP size has been done from the width of reflection in the X‐ray
diffraction pattern according to the Scherrer's equation (1):
D(2θ ) = K λ / FWs cosθ

(1)

where D is the mean size of metal nanoparticles (nm); K is Scherrer constant (it's chosen 0.9—
roughly spherical particles); λ is wavelength of X‐ray radiation (nm);θ is angle of diffraction
(°); and FWS is specimen broadening of single peak (in radians). FWSis obtained according to
the Eq. (2):
FWS d = FWHM d – FW1d

(2)

where FWHM is full width at half maximum of the peak; FWIis instrumental broadening
gained from LaB6 diffractogram at the similar 2θangles; and d is parameter of deconvolution
(here d is chosen as 1.5 which means that shape is partly Gaussian and partly Lorentzian).
According to Scherrer's equation (1) and XRD peak at 38.24° 2θ from diffraction patterns
(Figure 7), it is concluded that AgNP have mean crystallite size of 40 ± 4 nm.
2.5. SEM and EDX study
The size and shape of AgNP‐DS and AgNP‐CMD complexes were further characterized
by scanning electron microscopy (SEM) on JEOL JSM 5300 scanning electron microscope.
Scanning micrographs were transformed into a PC format in order to further analyze the
particles morphology. The samples for SEM analysis have been prepared by thin layer of
the complex suspension overnight air drying at room temperature. Dried samples have been
coated with 10‐nm‐thick film of gold in JPC JEOL‐1100 apparatus. Electron beam of 30 keV
has been used. The SEM micrographs of AgNP‐DS (Figure 8A) showed both individual par‐
ticles, but a number of aggregates, too. Size of 10–60 nm is predominant for individual spheri‐
cal particles. Images have also indicated that obtained nanoparticles are stable, and they are
not in a mutual contact. This can be ascribed to stabilization of the nanoparticles by DS as a
capping agent. Aggregates of nanoparticles with poorly defined morphology and irregular
structure have also been found (Figure 8A).

Figure 8. SEM images of AgNP‐DS showing the existence of individual nanoparticle and large aggregates (A) and EDX
spectrum of individual AgNP‐DS (B.)
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Energy‐dispersive X‐ray (EDX) spectral analysis has been performed by LINK Analytical 2000
QX microprobe assembled on a JEOL JSM 5300 scanning electron microscope. Samples pre‐
pared for SEM analyses have been used for EDX spectra measuring. EDX spectroscopy can be
used for qualitative as well as quantitative assessment of silver used for the AgNP production
[36]. EDX spectrum of AgNP‐DS is shown in Figure 8B. Strong signal comes from elemental
silver, while weaker signals come from S, O, and Na (from Na salt of DS), confirming that
AgNP are formed as a part of AgNP‐DS. This is consistent with an optical absorption peak
appearance at approximately 3 eV (410 nm), which originates from SPR, and it is characteris‐
tic for metallic silver nanocrystals [6].
Similar to the previous complex, the SEM micrographs of AgNP‐CMD (Figure 9A) show
single particles, but a number of aggregates as well. Particle size of 10–60 nm is dominant for
individual spherical particles. SEM images showed that obtained nanoparticles are stable and
not in direct contact with each other. This can be explained as stabilization effect of CMD, as a
capping agent, on produced nanoparticles. But, aggregated nanoparticles with larger irregu‐
lar structure and no well‐defined morphology were also found (Figure 9B).

Figure 9. SEM images of individual spherical particles (A) and aggregated nanoparticles of AgNP‐CMD (B).

2.6. Antimicrobial study
Agar disk diffusion method has been used for measuring of antibacterial and antifungal
activity of AgNP stabilized by DS. One fungal strain (Candida albicans ATTC 2091) and
nine bacterial strains such as Gram‐positive (Staphylococcus aureus ATCC 25923, Bacillus
cereus ATCC 11778, Bacillus luteusin haus strain, Bacillus subtilis ATTC 6633, and Listeria
monocytogenes ATCC 15313) and Gram‐negative (Escherichia coli ATTC 25922, Pseudomonas
aeruginosa ATTC 27853, Klebsiella pneumoniae ATTC 700603, and Proteus vulgaris ATTC 8427)
were used as an indicator strain for this analysis. Preparation of suspension was performed
by already described method [37]. Direct colony method has been used for bacterial and
yeast suspensions preparation, and the colonies have been taken directly from the plate
and suspended in 5 cm3 of sterile 0.85% saline. Turbidity of the initial suspension has been
adjusted comparing with 0.5 McFarland's [38]. After this adjustment, the bacterium and
yeast suspensions contained close to 108 and 106 colony‐forming units (CFU)/cm3, respec‐
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tively. Initial suspension has been additionally prepared by tenfold dilution into sterile
0.85% saline. Inoculation of bacterial cell suspensions has been done to the trypton soya
agar plates, while the yeast suspension to the Sabouraud maltose agar plates. Standard
sterile cellulose disks of 9 mm diameter have been impregnated with different AgNP‐DS
concentrations (0.25, 0.5, 1.0 mg cm‐3) and putted on surface of the inoculated plates. The
plates have been incubated at 37°C for 24 h. Inhibition zones were evaluated by measuring
the diameter of the zones growth (Table 2).
Microbes

AgNP‐DS concentration
0.25 mg cm−3

0.5 mg cm−3

1.0 mg cm−3

Fungi

C. albicans

–

16

–

Bacteria G+

L. monocytogenes

16

17

18

B. cereus

16

18

19

B. subtilis

16

17

19

S. aureus

17

18

19

B. luteus haus strain

20

21

24

P. vulgaris

13

14

15

K. pneumoniae

16

18

19

E. coli

17

18

21

P. aeruginosa

23

24

26

Bacteria G

‐

Table 2. Antimicrobial activity of AgNP‐DS, radial diameter of inhibition zones (mm) for tested bacterial and fungal
strains.

The investigated AgNP‐DS solution has shown antibacterial activity against S. aureus, B.
cereus, B. luteus in haus strain, B. subtilis, L. monocytogenes, E. coli, P. aeruginosa, K. pneumoniae,
and P. vulgaris bacteria, which is proved by clear inhibition zones of the bacteria growth
around the disks (Table 2). Inhibition has been observed for all analyzed bacterial strains
in the 0.25 mg cm‐3 concentration of AgNP‐DS, indicating relatively low minimal inhibitory
concentration against these microorganisms. For example, Dhand and coworkers [39] stated
that minimal inhibitory concentrations for E. coli and S. aureuss were around 0.26 mg cm‐3.
The highest inhibition zones were observed against P. aeruginosa and B. luteusin haus strain,
and inhibition zones of AgNP‐DS against these microorganisms in 1.0 mg cm‐3 concentra‐
tion were 26 and 24 mm, respectively. P. vulgaris was the least sensitive to the AgNP‐DS
(1.0 mg cm‐3) activity with zone of 15 mm. Investigation of AgNP‐DS activity in different
concentrations against other bacterial strains has shown similar results with inhibition
zones of 16–17 mm, 18–19 mm, and 18–21 mm for the AgNP‐DS concentration of 0.25, 0.5,
and 1.0 mg cm‐3, respectively. The results for K. pneumoniae, B. luteus in haus strain, and
P. aeruginosa are higher compared to data for AgNP‐CMD (Table 3). Antifungal activity
against C. albicans was observed only in the concentration of 0.5 mg cm‐3 AgNP‐DS. Low
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antimicrobial activity of AgNP against C. albicans has been estimated for AgNP stabilized
with CMD. The mechanism of AgNP antimicrobial activity can be related to silver accumu‐
lation in the membranes of bacteria, which cause cell death [40]. Silver cation can react with
thiol groups and proteins in the cells; nonetheless, it can inactivate enzymes essential for
the normal cell metabolism [41]. The investigated AgNP‐DS particles, in the concentration
of 1.0 mg cm‐3, have shown a number of specificity concerning its antimicrobial activity. It
is important that higher concentration of silver is harmful for consumer and for microbes
as well, so the lower concentrations are much more applicable. The effective concentrations
of AgNP, which have effect in organisms different from the control, are in the range from a
few ng dm‐3 to 10 mg dm‐3; this effective concentration is depended on the organism itself as
well as many other factors [42]. Having in mind these results, it can be concluded that this
design of silver nanoparticles synthesis has a great potential because of their antimicrobial
activity.
Microbes
Bacteria G+

Bacteria G‐

Fungi

AgNP‐CMD concentration
0.25 mg cm−3

0.5 mg cm−3

1.0 mg cm−3

B. lutea

11

13

20

B. cereus

11

12

14

B. aureus

12

18

21

E. fecalis

–

–

11

P. aeruginosa

–

–

12

K. pneumoniae

13

14

15

Aspergillus spp.

–

–

12

Penicillium spp.

13

20

20

C. albicans

–

–

11

Table 3. Antimicrobial activity of AgNP‐CMD, radial diameter of inhibitionzones (mm) for tested bacterial and fungal
strains.

In order to compare antimicrobial activity of similar complexes, the results of AgNP‐CMD
antimicrobial activity (radial diameter of inhibition zones) are presented in Table 3. The
AgNP‐CMD solution exhibited antibacterial activity against bacteria B. lutea, B. aureus, B.
cereus, E. fecalis, P. aeruginosa, and K. pneumoniae showing clear inhibition zones of the bacteria
growth around the disk. AgNP‐CMD in the concentration of 1.0 mg cm‐3 have shown a num‐
ber of specificity concerning its antimicrobial activity. The antifungal activity of the AgNP‐
CMD has been analyzed by agar disk diffusion method. Aspergillus spp., Penicillium spp., and
C. albicans were inhibited in a concentration‐dependent manner. The radial growth inhibition
zones increased with the AgNP‐CMD concentration increasing from 0.25 to 1.0 mg cm‐3. The
fungus Penicillium spp. was more sensitive to the AgNP‐CMD comparing to the other two
fungal strains.
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3. Cobalt(II)‐dextran biocomplexes
A lot of investigations in the field of coordination chemistry are based on synthesis and charac‐
terizations of different biocomplexes present in the biological systems. Synthetic ligands, which
can serve as model molecules for complex biomolecular structures, are also investigated [19].
Bioligands or synthetic ligands are mostly natural macromolecular compounds. These prod‐
ucts of special importance mostly represent complexes of different metals (Fe, Co, Cu, Zn) with
ligands of polysaccharide type (such as pullulan, inulin, dextran) [43–45]. However, the native
polysaccharide possessing antigen characteristics wherefore is not of pharmaceutical impor‐
tance [18]. Depolymerization of raw polysaccharides, trying to get products with adequate
molar masses distribution for commercial purposes, has been done. Dextran, is a well‐known,
extracellular, water‐soluble neutral polysaccharide with α‐(1–6)‐linked d‐glucopyranose unit
chain, with a wide range of applications. Dextran gained from Leuconostoc mesenteroides B‐512(F)
is composed of α‐(1–6)‐linked glucan with side chains attached to C3‐positions of backbone
glucopyranose units. Various biometal ions (Fe, Co, Cu, Ca, Zn, Mg, etc.) are included in the
complexation with dextran in alkaline solutions. Complexes of iron [17, 46] and copper [47–49]
with polysaccharides have a great significance, and they have been described in detail. The con‐
tent of metals and solution composition is pH dependent [17, 48]. Cobalt preparations, based
on carbohydrates and its derivatives, are used in both human and veterinary medicine [50,
51]. The different FTIR spectroscopic methods (such as microspectroscopy, attenuated total
reflection) are commonly used for the characterization of these complexes [52, 53]. This section
applies to some spectroscopic examination of dextran complexes with cobalt ions.
3.1. Complex synthesis
The cobalt complexes with reduced low‐molar dextran as ligand (Co(II)‐RLMD) were syn‐
thesized in water solutions, at different pH values (7.5‐13.5) and different temperatures
(298–373 K), using CoCl2 × 6H2O and RLMD (5000 g/mol). The details of synthesis have been
described [54, 55]. The complexes were isolated in the solid state. For further structural exami‐
nation, the samples of Co(II)–RLMD were deuterated (D2O, Merck) for 2 h, at room tempera‐
ture, in vacuum.
3.2. FTIR study
KBr pastille method has been used for sample preparation. The FTIR spectra have been recorded
at room temperature, as an average value of 40 scans (resolution of 2 cm−1) on a Bomem MB‐100
FTIR spectrometer (Hartmann & Braun, Canada) coupled with a DTGS/KBr detector. Spectra‐
structural correlation of dextran by FTIR spectroscopy has been the subject of attention of
many researchers [30, 31, 56–58]. It was shown that by studying the individual spectral areas,
the information on linearity [content of α‐(1–6) bond], crystallinity, conformation, conforma‐
tional transitions, and changes in the structure of differently treated dextrans can be obtained.
The FTIR spectrum of reduced low‐molar dextran is shown in Figure 11a. Bands at 765 and
916 cm−1 are indicating the presence of the α‐(1–6) glycosidic bonds, and the estimated content
of these bonds is greater than 96% that indicates a high linearity of polysaccharide. The pres‐
ence of these bands as those at the 845 cm−1 indicates a C1 conformation of glucopyranose units
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(eq‐ax‐ax‐ax‐ax arrangement of adjacent C–H groups). There is an intense broad band whose
centroid is at about 3400 cm−1, in the area of stretching OH vibrations. Summary intensity of
this band comes from the ν(O‐H) vibrations of hydroxyl groups involved in the formation of
several by the strength of hydrogen bonds, but also from the H2O molecule whose presence is
confirmed by the band at 1640 cm−1, which is result of δ(HOH) vibrations [54].

Figure 10. The FTIR spectra of RLMD (a) and Co(II)‐RLMD complexes synthesized on the boiling temperature and
different pH: 7.5 (b) and 13.0 (c).

Figure 11. FTIR spectral segments of dextran (a), partially deuterated (b), and fullydeuterated (c) RLMD analogs in ν(O‐
H), ν(O‐D), and δ(HOH) vibrations.

The FTIR spectra of synthesized Co(II)‐RLMD complex, which were obtained under various
reaction conditions, are presented in Figure 10. The FTIR spectra of RLMD and its Co(II)‐
RLMD complex are basically similar. In the FTIR spectra of synthesized complex, there are the
differences in the area of O–H vibrations. In this area, there is a large, complex band approxi‐
mately 3390 cm−1 of ν(O–H), which is likely due to the stretching vibrations of polysaccha‐
ride OH groups. The characteristic IR band of δ(HOH) at about 1645 cm−1 in the spectra of
synthesized complexes, as well as in the spectrum of RLMD, as noted above, indicates the
presence of crystal water in the structure [54, 55]. By analyzing the low‐frequency part of the
RLMD spectrum (γ(C‐H) vibrations, Figure 10a), the FTIR spectra of Co(II)‐RLMD complex
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(Figure 10b and c), and the presence of bands at about 915 and 845 cm−1, 4C1 conformation of
glucopyranose units, which indicates that the complexation with Co(II) ions does not lead to
conformational changes in glucopyranose units, can be determined. In accordance with this
is the change in the intensity of IR band in the area approximately 1350 cm−1 that originates
from δ(C‐H) and δ(O‐H) vibrations. With an increase in the pH synthesis (from 7.5 to 13.5),
the band intensity of ν(O‐H) vibration increases, and the frequency of ν(O‐H) vibration band
at lower pH (7.5–8.5) stays almost unchanged and then increases with increasing pH (11–13.5).
If the complexation with Co(II) ions takes place via OH groups at the C–2, C–3, or C–4 carbon
atoms of dextran glucopyranose units (involved in the formation of various by the strength
of hydrogen bonds in dextran), hydrogen bonds disappear by complexation, so the bands are
expected at the higher frequencies. In complexes with the highest metal content (10.07% Co),
which were synthesized at pH 12, a set of IR bands in this area is close to that at starting RLMD.
In the complex which was synthesized at pH 13 with a minimum cobalt content of 1.89% in the
IR spectrum (Figure 10c), there are intense bands at 3400 cm−1 to the binder of low‐frequency
side in this region. This could indicate that the structure of this complex differs slightly from
the structure of other Co(II)‐RLMD complex, which were synthesized under different reaction
conditions. In the low‐frequency area (<800 cm−1) of the FTIR spectra of RLMD and Co(II)‐
RLMD complex, there are some differences. In this region of the IR spectrum, in addition to the
band of ν(Co‐O), the bands of deformation γ(O‐H) vibrations of polysaccharide as well as the
deformation vibrations of glucopyranose ring are expected (Figure 10). Wide band of medium
intensity in the FTIR spectra of Co(II)‐RLMD complex at about 450 cm−1 shows a fine structure.
3.3. Isotopic D2O exchange study
Isotopic substitution of hydrogen atoms by deuterium, connected with FTIR spectroscopy, has
an important role in determining the structure of dextran. Isotopic exchange results indicate
that dextran and its Co(II)‐RLMD complex are crystal hydrates (probably one type of water
molecules) [59]. Structural changes in the process have been detected by absorption bands
in the area of 3600–3000 cm−1, caused by ν(O‐H) vibrations. In the case of isotopic exchanges
of O‐H to O‐D group, the frequency of stretching vibration is reduced to √2, and it is located
in the area of 2700–2300 cm−1. Deuteration is a very sensitive method to assess the environ‐
ment of OH groups, which is associated with the intensity generated by hydrogen bonds.
The degree of crystallinity of the polysaccharide can be determined by FTIR spectroscopy
method with deuteration. Crystallinity is a part of the regulated saccharide area in which the
macromolecules are connected with parallel hydrogen bonds. In processing the sample with
D2O, usually OH groups in less regulated or amorphous regions were rapidly converted into
OD groups. Conversion of OH groups in the crystal areas is very slow. Thus, the degree of
crystallinity has been determined by the change in intensity of asymmetrical ν(O‐H) band
vibrations and by the appearance of new bands of ν(O‐D) vibration. The relations of band
intensity at 1429 and 893 cm−1 were taken as empirical indicators of the degree of crystallin‐
ity of samples. With decrease in the crystallinity, the band at about 1430 cm−1 disappears and
comes to an increase in the intensity of the band at approximately 900 cm−1, typical for the
amorphousness. Even better relationship can be seen at the band at approximately 1370 and
2900 cm−1. Namely, in the spectrum of partially deuterated analogs of dextran (Figure 11) in
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the ν(O‐D) area of the vibration of HDO molecules, there is a single band at about 2495 cm−1.
Partners of these vibrations would be expected at about 3400 cm−1 in the ν(O–H) areas (taking
into account the displacement factor of 1.35).
The FTIR spectra of Co(II)‐RLMD complex (a) and its deuterated analog (b), which was syn‐
thesized at pH 13, are shown in Figure 12. In the FTIR spectrum of Co(II)‐RLMD complex
(Figure 12b), in the area of ν(O‐D) vibrations of HDO molecules, there is a single band at
about 2483 cm−1 in the corresponding complexes with crossfold on the high‐frequency side.
Partners of these vibrations would be expected at about 3400 cm−1 in ν(O‐H) area. Results of
partial deuteration indicate that the band at about 3400 cm−1 is sensitive to isotopic substitu‐
tion, in both cases (RLMD and Co(II)‐RLMD complexes). Reducing the intensity of this band
by deuteration demonstrates that the ν(O‐H) vibrations of water molecules are its part. This
fact indicates that both compounds contain crystal water in their structure. Confirmation of
this conclusion is that in the spectra of deuterated analogs of both compounds (Figures 11
and 12), an intense band near 1645 cm−1 is also highly sensitive to isotopic substitution and is
to be attributed to the HOH deformation vibration of the crystal water.

Figure 12. FTIR spectra of Co(II)‐RLMD complex (a) and its deuterated analog (b) synthesized at pH 13.

As known, Seidl et al. [60] proposed criteria according to which, based on the study of
spectra of protonated, partially and fully deuterated hydrate, it is possible to determine the
number of types of H2O molecules (n) and the number of nonequivalent OH groups (m). By
the spectra appearances, in the stretching OD area of HDO molecules, and the appearance
of a band, whose intensity increases monotonically with increasing degree of deuteration
when the frequency does not change, it can be concluded from the above criteria [60] that in
the structure of dextran and its complexes with Co(II) ions is present one crystallographic
type of water molecule (n = 1). On the basis of Berglund correlation [61], from equation (3),
Ow…O distances are estimated at 283.1 pm for dextran and 281.8 pm for Co(II)‐RLMD
complex:
v=
( OD )

2727 – 8.97 × 10 6 × e −3.73×R(Ow×××O) .

(3)

Water protons are involved in the formation of relatively weak hydrogen bonds (m = 1). In
bending area of HDO and D2O, in the spectrum of deuterated analogs of the complex, there
are bands around 1315 and 1070 cm−1, which confirm the previously disclosed consideration
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of the water binding. From FTIR spectrum shown in Figure 12b, decrease in the intensity of
the band around 1430 cm−1 and an increase in the band intensity at approximately 910 cm−1
can be observed, which is a characteristic for amorphous character. An even better relation‐
ship can be observed in the FTIR spectrum of Figure 12, with the band of about 1370 and 2900
cm−1. Based on the results of FTIR spectroscopy, an amorphous structure of the synthesized
Co(II)‐RLMD complex can be assumed.
3.4. ATR‐FTIR microscopy study
The ATR‐FTIR spectral analysis has been performed by microspectroscopy ATR‐FTIR system
(Bruker, Tensor‐27). Within this system, FTIR spectroscope is connected to a microscope (15×
objective) (Bruker, Hyperion‐1000/2000) and a computer system capable of microanalysis by
using a liquid‐nitrogen‐cooled (250 μm) MCT detector (GMBH, Germany). The ATR‐FTIR
spectra (Kubelka‐Munk option) have been recorded in the range of 4000–400 cm−1, with 4 cm−1
resolution and 260 scans. The newly formed FTIR vibrational microspectroscopy can provide
information on the sample at the molecular level, with high spatial resolution at the micro‐
scopic level. Small sample can be analyzed by both nondestructive vibrational spectroscopic
techniques (Raman, IR) [62–67]. Spectra can be recorded continuously in different parts of the
microsample in order to obtain appropriate databases. Figures 13 and 14 show the absorp‐
tion ATR‐FTIR spectra of Co(II)‐RLMD complex, which were obtained under various reaction
conditions.

Figure 13. ATR‐FTIR spectra of Co(II)‐RLMD complex synthesizedat the boiling temperature and pH values in the range
of 7–11.

The wavenumber values of characteristic IR bands in the ATR‐FTIR spectra of Co(II)‐RLMD
complex are given in Table 4.
Absorption bands corresponding to the specific chemical components can be represented
as a map. ATR‐FTIR spectra, presented in Figures 13 and 14, correspond to the different
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Figure 14. ATR‐FTIR spectra of Co(II)‐RLMD complex synthesized at the boiling temperature and pH values in the
range of 12–14.

Wavenumber (cm−1)

Band assignation

Intensity

Comment

3400

ν(O–H)

Very strong, complex

CH–OH glucopyranose, H2O

2930

νas(C–H) i νsy(C–H)

Medium

CH

1640

δ(HOH)

Medium

H2O

1450–1345

δ(C–H)

Medium

CH

1420

δ(O–H)

Medium

OH

1150, 1110, 1070, 1040,
and 1010

νas(C–O), (C–O‐C),
νas(C–C–C) i (C–C–O)

Very strong, strong

Glucopyranose

1000–700

γ(C–H)

Medium

Configuration

Table 4. Assignment of characteristic IR bands of RLMD and the synthesized Co(II)‐RLMD complexes.

parts of the sample of Co(II)‐RLMD complex, which show a homogeneity of the samples.
A new way of visualization shows the capability of visualization not only of heterogeneous
region of the samples, but also at the same time provides microspectroscopic spatial infor‐
mation. The visualization of different concentrations of components and presentation as
3D maps is also enabled. Application of ATR‐FTIR microscopy to Co(II)‐RLMD complex,
which were synthesized under different reaction conditions, is shown in Figure 15. The
changes in color contours at certain parts of the image indicate the content and distribu‐
tion of cobalt and polysaccharides in Co(II)‐RLMD samples. ATR‐FTIR microspectroscopic
data show a high homogeneity of the samples, and the presence of Co(II) ions (the results
obtained by other spectroscopic techniques) has been confirmed by the color of Co(II)‐
RLMD complex.
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Figure 15. Different FTIR microscopic profiles (A–C) (300 μm × 250 μm) for ligand (RLMD) and Co(II)‐RLMD complexes
at different pH values.

4. Conclusion
The modern Fourier transform infrared spectroscopic techniques (linear scan, reflection, trans‐
mission, mapping, video analysis) in combination with diffraction (XRD), energy‐dispersive
X‐ray (EDX), spectrophotometric (UV‐Vis), and electronic microscopy (SEM) methods are
applied in the structure analysis of synthesized green nanoparticles and polysaccharide
complexes, as well as for the confirmation of suggested types of complexes structure and
for the testing of samples homogeneity. In this respect, silver nanoparticles were prepared
with dextran sulfate or carboxymethyl dextran as a reducing and capping agent, while cobalt
biocomplexes were synthesized with reduced low‐molar dextran as ligand. Comparison of
FTIR spectra of initial exopolysaccharide compounds (DS, CMD, RLMD) and final products
(AgNP‐DS, AgNP‐CMD, Co(II)‐RLMD complexes), in the specific region of characteristic
functional group vibrations, has indicated on coordination complexes forming as a part of
complex structure. FTIR spectroscopic analysis has shown that interactions between metal
ions and specific polysaccharide functional groups have steric character and suggest 4C1 con‐
formation of the glucopyranose unit. The existence of nanoparticles (in range of 10–60 nm)
has been confirmed by SPR band in the UV‐Vis spectra, by SEM microscopy, and XRD meth‐
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ods. AgNP size was determined on the Bragg reflection at 38.24°2θ, yielding mean crystal‐
lite size of 40 ± 4 nm. It has been found that crystalline structures of silver complexes are
face‐centered cubic type by XRD method. Morphological SEM analysis has been shown that
formed nanoparticles are spherical and inclined to aggregation. It has been established that
size distribution and morphology of mentioned nanoparticles (by SEM and FTIR microspec‐
troscopy methods), as well as the structural form of the complexes (by FTIR, UV‐Vis, XRD),
are depended on ligand properties (such as constitution, degree of amorphousness or crystal‐
linity, molar mass, units conformation, chain linearity) and on the reaction conditions (such
as metal‐ligand weight ratio, reaction time, temperature, and pH values). Also, antimicrobial
and antifungal activities of synthesized AgNP have been determined. The highest inhibition
zones were observed against P. aeruginosa and B. luteusin haus strain, while P. vulgaris was
the least sensitive to the nanoparticles. The fungus Penicillium spp. was more sensitive to the
AgNP comparing to the other two fungal strains. Having in mind these results, it can be con‐
cluded that this design of silver nanoparticles synthesis has a great potential because of their
antimicrobial activity.
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Abstract
The development of Fourier transform infrared (FTIR) has had widened its scope of perspective application on different types of substances in terms of technique of material
analysis and identification. The tri-step infrared analysis has shown its powerful application in the analysis and interpretation of spectra from pure compound, fraction, raw
material, natural product and complex mixture.
Keywords: Fourier transform infrared, pure compound, fraction, raw material, natural
product, complex mixture

1. Introduction
1.1. Types of infrared spectrometer: dispersive and Fourier transform
Dispersive spectrometer has been described as a traditional way in the transformation of
Fourier transform infrared (FTIR) spectrometer [1]. The basic function of dispersive spectrometer using diffraction gratings or prisms is to disperse the radiations with wave numbers at several positions. The moving of the gratings is the key that allows the radiations
with wave numbers over a short interval of irradiation into the detector. Normally, the spectrum of a sample is created by the ratio between the beam passing through the sample and
the reference or background. In comparison, Fourier transform infrared (FTIR) spectrometer
is more sensitive and accurate in detecting and determining the higher signal-to-noise ratio
within a short period of time. The principle of FTIR is generation of interferogram from
the interferometer of the radiation produced by the source. Detecting the signal of radiations with different wave numbers by the Fourier transform to determine frequency domain
instead of time domain will enhance the spectrum. In this way, the performance of modern
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FTIR is advantageous compared with dispersive spectrometer. FTIR also simplifies the complex algorithm into presentable data and is user-friendly.
The development of numerous sampling accessories, such as attenuated total reflection (ATR),
sample cell with different window material for liquid sample, 2DIR sample cell etc., widens
the utility of FTIR for multi-sample type analysis. Therefore, the origin of the sample material
has no barrier for FTIR, albeit the different objectives of the investigation. In fact, FTIR has been
recognised as a rapid, direct and non-destructive analytical method. The challenge confronting
FTIR is the interpretation of the qualitative or quantitative spectral data from different direction
of view.
Factors that influence the frequency vibration mode of a polyatoms molecule included concentration, thermal, time and chemical reaction. This so-called perturbation is an additional
input manipulating the vibration mode of the functional group. Typically dominating the
motion of the molecules in the normal mode are only one or few groups which vibrate
relatively. The establishment of two dimensional correlation spectroscopy via appropriate perturbation on mid-infrared could be used to enhance the detail of infrared spectrum
interpretation.

2. Fourier transform infrared spectrum and 2DIR correlation spectroscopy
for pure compound analysis
This is the conventional and most widely used spectroscopy in functional group determination. For a known pure compound, each peak of spectrum will identify the main functional group within the specific range of wave number. The matching of peaks in spectrum of
unknown and known compound is commonly used as a complimentary analytical method
besides LCMS and NMR. Hence, such evidences of compound structure configuration are
reliable. Software library incorporated into the system plays a main role in authentication of
the compounds. Figure 1 showed the one dimensional Fourier transform infrared spectrum
of delphinidin-3-O-sambubioside in the range of 4000–400 cm−1.
The 2DIR correlation spectroscopy on pure compound needs to be presented in the form
of synchronous and asynchronous spectra [2]. Synchronous spectrum is developed by
combination and accumulation of two spectra of the same substance scanned under perturbation. The most commonly used perturbation is the thermal perturbation which supplies the heat at a range of temperature such as 50–120°C, and this supposedly provokes
the vibration mode of the relevant bonds. The 2DIR spectra of pure compound, which
represents the active sites of different bonding in the molecule, reacts to the heat simultaneously. The region of peak detected on the diagonal positively formed is named as
autopeak. It is possible for the autopeak to increase or decrease during the thermal supply
phase. The abundance part of 2DIR spectrum is the crosspeaks that are not scattered on the
diagonal. They are either positive or negative, depending on the combination of increased
or decreased spectral peak from both axes. In term of correlation, the correlation square
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Figure 1. The 1D FTIR spectrum of the pure compound delphinidin-3-O-sambubioside in the range of 4000–400 cm−1.
The appearance of Absorbance is transferred from 51.2% of transmission with the threshold of one. Most of the peaks
are sharp and in various intensities depending on the absorption of each functional group under the wave number in
the range of mid-infrared. The peak at 3412 cm−1 is assigned to –OH group. Methyl group could be determined by peak
2928 cm−1. These two peaks are common and normally appear in all the organic material. The range from 1700 cm−1
downward is the specific and important range for different characteristic of each compound., e.g. peak 1641 cm−1 refers
to amide I for bonding C-O, etc.

existing on certain autopeaks and crosspeaks is the best way to interpret the correlation
circumstances during the perturbation. The asynchronous spectrum was created on region
not related to synchronous spectrum. The Noda’s rules [3] are abided during the interpretation data process.
Figure 2 showed the synchronous and asynchronous spectra of delphinidin-3-O-sambubioside
in the range of 1700–700 cm−1.
2.1. Important usage of FTIR and 2DIR correlation spectroscopy in pure compound
2.1.1. Qualification analysis for special functional group in the compound
Pure compound has the capacity to show the whole corresponded bond taking part in the
infrared transmission. The vibration mode of the whole molecule will be determined under
the specific assignment. Pure compound normally shows many sharp peaks compared to
compound with low purity. This concept is ideal for qualification and the respective peaks
are used to identify each component in the molecule itself. In some way, the selective range
of particular peak could be used in quantification under the Beer’s Law using the spectrum
Quant software [4].
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Figure 2. The 2DIR spectra of delphinidin-3-O-sambubioside in the range of 1700–700 cm−1. (a) Synchronous
spectrum. The correlation square is created from negative crosspeak at (1177, 1650), autopeak 1650 cm−1, negative
crosspeak (1650, 1177) and autopeak 1177 cm−1. There is another bigger correlation square which is created from
negative crosspeak (1019, 1650), autopeak 1649 cm−1, negative crosspeak (1650, 1019) and autopeak 1019 cm−1. A
smaller correlation square is created from four red areas. They are positive crosspeak (1019, 1177), autopeak 1177
cm−1, positive crosspeak (1177, 1019) and autopeak 1019 cm−1. (b) Asynchronous spectrum. The positive crosspeak at
(1177, 1650) determines the sequence action against perturbation of the area at 1650 cm−1 first reacted than area at
1177 cm−1. The similar scenario for the bigger correlation square where the peak area at 1650 cm−1 reacted first than
area at 1019 cm−1. When compared with the area at 1019 cm−1 and 1177 cm−1, 1019 cm−1 is reacted first than 1177 cm−1.
The sequence of decrease reacted to the thermal perturbation in The series is 1650 cm-1, 1019 cm-1, 1177 cm-1. (c) The
autopeak spectrum of the 2DIR.

2.1.2. Identification of the functional groups present in unknown pure compound
In identification of new compound by micro-fingerprinting via spectroscopy, this robust technique can be used to obtain useful information in chemical analysis.
2.1.3. Correlation of main functioning group
Determination of correlation of main functioning group under autopeaks at diagonal line
indicates another important interpretation that the bondings in the molecule react positively
with mid-infrared. In addition, creating the correlation square among the autopeaks and the
crosspeaks for pure compound is advantageous using 2DIR correlation spectroscopy interpretation of inter-molecule.
2.1.4. Quantification study for the sample
The innovative Quant software specific for quantification under mid-infrared is another scope
of investigation. The standard compound with different concentration is the conventional
method for plotting the standard graph. The new version of Quant software has either the
single peak or the range of wave number chosen for the quantification compatible under the
standard graph. The single peak is chosen for crude extract spectrum as the way to eliminate
the interruption of enormous overlapping vibration mode from uncertain components, while
the range of wave number is the best tool for purified compound.
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3. Fourier transform infrared spectrum and 2DIR correlation spectroscopy
for fractions analysis
Fraction is the intermediate stage of extraction and is situated between crude extract and
pure compound. This level eliminates most of the debris, fibre and primary metabolites, and
exportation of secondary metabolomics of therapeutic value.
The FTIR spectroscopy analyses with fractions are dependent on the condition of the material.
There are two methods on the solid form of fraction, i.e. making a disc with powder KBr, or
directly scan with ATR. However, the consideration must be taken on the coverage of wave
number using different method. The first method will cover the whole range of wave number,
while ATR only scans until 650 cm−1. The KBr method is able to detect more peaks compared
to ATR method. Although ATR has its limitations, it is the best choice since in forming the
original spectrum, and it is devoid of any problem in transmission percentage.
Liquid fraction is analysed using sample cell with different window material. The exploration of aqueous solution is restricted to any KBr matrix since the O-H bond affects the range
around 3600 cm−1. The CaF2 matrix is appropriate for solution containing water, though the
transmission is limited to below 900 cm−1. BaF2 has clearer transmission for acidic solution
from 800 to 400 cm−1.
The differentiation spectra by another calculation in second derivative has been recognised
and proven to be the most proper derivative to correct nonlinear baseline anomalies. The

Figure 3. Second derivative spectra of CPC delphinidin fraction of H. sabdariffa ethanol extract in the range of 1850–900
cm−1. There are 10 base peaks which are compatible when matching the peaks from fraction and the pure compound. The
correlation between the fraction and the compound is 0.52. The base peak of the fraction within 1807 and 1643 cm−1 does
not appear in the spectrum of delphinidin-3-O-sambubioside, since these could be the natural substances of H. sabdariffa.
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compression of peaks at a single point could be expressed in wider wave number with second
derivative. This is crucial as a fraction may consist of more than one compound. The problem
of overlapping in 1D FTIR spectrum is caused by similar stretching of vibration mode from
different compounds or numerous identical peaks from isomers. It is possible that peak forming in 1D FTIR is due to the combination of closer transmission and clumping together as one.
Therefore, the reading on second derivative spectrum is indicative of several aspects initially
based on the condition of the fraction.
Figure 3 showed the second derivative spectrum of Hibiscus sabdariffa L ethanol fraction purified by HPLC preparative in the range of 1850–900 cm−1.
3.1. Important usage of FTIR and 2DIR correlation spectroscopy in fractions
3.1.1. Investigation of the quality of extraction and isolation
The spectrum of a fraction could be different when compared with the pure compound.
A fraction is actually the specific range of peaks chosen from the crude extract chromatogram. Technical experience of the operator will help to determine the nature of the fraction as a single or mixed compound. The pattern of the fraction can be authenticated as
macro-fingerprint of the identified material. In fact, each fraction has a specific spectral
pattern depending on the quality of extraction. A sample may exhibit different pattern of
spectrum when different method of extraction is implemented. For example (Figure 4), the
pattern of H. sabdariffa raw material spectrum showed 20% dissimilarity with H. sabdariffa
ethanol crude extract when both spectral relatively correlated with spectrum of residue.
The fraction of H. sabdariffa spectrum showed content of anthocyanins at the peak 1071
cm−1 and the pattern is completely different from the anthocyanin pure compound. Hence,
the spectrum of material can be used to estimate the quality of extraction and purification.
Assignment of peak in spectrum is an alternative method for identification of the main
compounds in the fraction isolated from HPLC preparative. The spectrum of fraction has
the higher percentage of similarity with pure compound compared with extract. The quality of extraction from the raw material and compound can be clearly discerned monitored
by spectroscopy.
3.1.2. Detection of enriched compound
Most of the herbal medicinal products in the market are in the form of fraction. The possibility of the presence of enrich compound added in these products can be detected
by FTIR and 2DIR. The concentration of certain active compounds in standard extract
is the guide to the formula. Examining this kind of distinctive criteria could be carried
out by quantification using spectrum Quant. The plotting of the straight line with various dosage of standard compound is typically prophetic on the targeted compound concentration in the fraction. Normally, the specific spectrum peak has to be determined
accordingly because there are procedures for peak selection instead of using the whole
spectrum.
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Figure 4. FTIR spectra of H. sabdariffa sample material in the range of 1850–400 cm−1 from different level of
extraction (a) H. sabdariffa raw material. The whole spectrum is divided into three areas and represented most
of the primary metabolism. The first three peaks started from peak 1790 cm−1 and is unique for this plant. Peak
1741 cm−1, assigned for C-O bonding, normally refers to ester components, while peak 1630 cm−1 refers to amide
I. There is no amide II bonding, since the range from 1500 to 400 cm−1 consisted of the bonding for fatty acid and
carbohydrate. (b) H. sabdariffa ethanol extract. The first three peaks are still maintained except peaks in the range
of 1500–1000 cm−1 are replaced by few new peaks. Intensity of peak 1632 cm−1 is reduced and peak 956 cm−1 and 863
cm−1 appear and are not found in raw material spectrum. (c) H. sabdariffa Centrifugal Partition Chromatography
(CPC) delphinidin fraction. The curve between the peak 1214 cm−1 and 1098 cm−1 is getting wider. The intensity of
peak 1640 cm-1 and 1037 cm−1 is getting lower compared to the raw. But the peak 1073 cm−1 and 1037 cm−1 which
matched with delphenidin-3-O-sambubioside are sharp in appearance. (d) Delphenidin-3-O-sambubioside pure
compound. There are only three peaks that matched with H. sabdariffa fraction and two with H. sabdariffa ethanol
extract. (e) The H. sabdariffa residue. The peak 1640 cm−1 is lost and 89% of the spectrum correlated with raw,
69% correlated with extract, and 47% correlated with fraction. Only 11% of the content is extracted from the raw
material.

3.1.3. Investigation of adulterant in commercial products with similar molecular weight but different
structural configuration
The differences could be the pattern of spectrum or the absence or the presence of strangle
peak in 1D FTIR. Second derivative is an alternative to detail the differences, but the most
powerful is the 2DIR correlation spectroscopy. Tri-step macro-fingerprint infrared method is
also able to enhance the discrimination and distinguish the real product.
3.1.4. Determination of halal and non-halal food
Since in the fraction or extract, the main components can be easily mixed up with other ingredients in food, the challenge to separate halal and non-halal food through spectroscopy is
choosing the proper range of wave number f or comparison. Figure 5 showed the example of
determination of halal food with 2DIR.
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Figure 5. Comparison of bovine gelatin and halal gelatin using 2DIR. (a) Synchronous spectrum of bovine gelatin in the range
of 1800–600 cm−1. The higher intensity in the area of 1100–1000 cm−1 compared to spectrum of halal gelatin. (b) Synchronous
spectrum of halal gelatin in the range of 1800–600 cm−1. (c) Asynchronous spectrum of bovine gelatin in the range 1800–1400
cm−1. The differences with halal spectrum are the intensity of the crosspeaks at (1480, 1625), (1572, 1733) and (1620, 1733)
is more intense. (d) Asynchronous spectrum of halal gelatin in the range of 1800–1400 cm−1. (e) The autopeak spectrum of
bovine gelatin in the range of 1800–600 cm−1. (f) The autopeak spectrum of halal gelatin in the range of 1800–600 cm−1.
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3.1.5. Elaborate the correlation of the main compounds with 2DIR in the fraction
The fraction spectrum profile of the pure compound usually shows the quality of extraction.
The majority of the debris, precipitate and high fibre content has been discarded. The elaboration on the main compound that reacted and correlated in the overall profile of the spectrum
could be clearly shown by 2DIR correlation spectroscopy. The exploration of the main compounds in the fraction increases the degree of the correlation and less problematic compared
with crude extract.

4. Fourier transform infrared spectrum and 2DIR correlation spectroscopy
for raw material analysis
Application of the new method of FTIR and 2DIR on raw material is still raising doubt due
to the severely overlapping of peak making interpretation difficult. The detected peak could
be due to more than one compound with similar assignment. Methods must be developed to
ensure the assignment is interpreted correctly. In real life, raw material can be analysed using
FTIR and 2DIR which will indirectly reduce the time for sample preparation. It is convenient
in term of preparation and conserves the majority of the raw content.
Traditional Chinese medicines are the primer study model as raw material in the dried form
using FTIR and 2DIR [5]. The difficulties, besides the problem of overlapping assignment, also
include searching the main compounds which may coincide with the raw material spectrum.
This kind of matching is reliable if the sufficient literature background on the raw material exists.
Despite interruption of the 1D FTIR spectrum on raw material by mixture of compounds, the
spectrum can be confirmed when 60% or more transmission is achieved with KBr. The second
derivative is mandatory for the raw material spectrum. Modification on the derivative of spectrum shows that second derivative is the most appropriate for exploring the spectrum since the
diagram is easily interpreted. In addition, the 2DIR correlation spectroscopy is another step to
enhance the detail of the spectrum for detailed interpretation. Therefore, the tri-step analysis
combine method, which involves stepwise progression from the superficial to high level of
analysis, is advantageous for raw material using the mid-infrared spectroscopy analysis.
4.1. The advantages of FTIR and 2DIR for raw material
4.1.1. Reduction in sample preparation steps
Raw material from natural product has to be dried completely and pulverised before making
disc with KBr. In FTIR and 2DIR analysis, the sample preparation process is simple. Since the
presence of moisture in the environment affects the FTIR processing method, it is necessary to
use dehumidifier to maintain the dryness of the environment.
4.1.2. Rapid
By simplifying complicated preparation steps, analysis of raw material is rapid and direct.
The analysis of the spectrum with air as background could be performed immediately after
the infrared scanning. The pattern of each raw material will possess footage for the identifica-
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tion. Each raw material will be able to show the first image of its content under the scanning.
The fingerprint of the original raw material will further confirm the material profile.
4.1.3. No-destructive method and conserve the material information
A raw material conserves most of the natural contents except when contaminated with pollutants. The vulnerable step in the raw material processing is grinding, sufficiently drying
and sieving with at least 200 mesh of sieve. However, these are considered less destructive
when compared with further extraction on the raw material. In fact, the raw material can be
tested under ATR which does not require a disc. The interferon beam has a glimpse of refection on the sample with diamond platform and produce spectrum in the range of 4000–650
cm−1. Comparison of the H. sabdariffa raw material spectrum performed with KBr and ATR,
respectively, is shown in Figure 6.
4.1.4. Interpretation of poly-nutrient in crude
When the whole profile of the raw material is presented with spectra especially in 2DIR,
the correlation square generated under the perturbation is based on the active compounds
responding concurrently. Such response is associated with a variety of compounds found in
the raw extract. Information derived from such interpretation is vital as it provides a holistic
picture of the reaction. Figure 7 showed the correlation square formed between flavonoids
peak and carbohydrate peak in H. sabdariffa raw material 2DIR synchronous spectrum.

Figure 6. 1D FTIR spectra of H. sabdariffa raw material scanned by two analysis methods. First spectrum is produced
by mixing the Kbr powder with H. sabdariffa raw power dried sample in the ratio 200:1. The range of the spectrum is
maximised from 4000 to 400 cm−1. Second spectrum is background with air and the raw material was placed on a diamond
platform under ATR method. The range of spectrum is achieved till 650 cm−1, while the spectrum from 650 cm−1 to 400 cm−1
is lost. More number of peaks is observed under KBr method. However, ATR method is simpler since no disc is needed.
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Figure 7. 2DIR spectra of H. sabdariffa water extract with Trifluoroacetic acid (TFA) in the range of 1900–400 cm−1 from
Selangor, Malaysia. (a) Synchronous spectrum. Three correlation squares are formed which are correlated with the
C-O bond from ester group with carbohydrate group. They are negative crosspeak (720, 1771), 1771 cm−1, negative
crosspeak (1771, 720) and 720 cm−1; positive crosspeak (1168, 1771), 1771 cm−1, positive crosspeak (1771, 1168) and 1168
cm−1; negative crosspeak (720, 1168), 1168 cm−1, negative crosspeak (1168, 720) and 720 cm−1. The spectrum indicates the
holistic view of perturbation reaction of the different types of compound in the water crude extract. (b) Asynchronous
spectrum. The sequence of reacted decrease as determined by Noda’s rules under the thermal perturbation between 30
and 120°C with 10°C interval degree, i.e. 1171 cm−1, 1168 cm−1, 720 cm−1. (c) Autopeak graph. (d) 3D spectrum. The colour
in dark blue illustrates the negative peak facing downward from plane.

4.1.5. Standardised method for authentication of a raw material derived from natural product
The origin of the raw material in certain commercial medicinal products is difficult to be
authenticated especially when they are presented as powder. Such products could be a portion of plant or other types of organism. Screening of the powder using KBr or ATR method
will elucidate its chemical profile as the spectrum will confirm the origin as well as the purity.
The compendium and monograph of herbal plants should include the spectrum as one of the
methods in the authentication of medicinal products.
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5. Fourier transform infrared spectrum and 2DIR correlation spectroscopy
for natural product analysis
Analysis of natural product with FTIR and 2DIR have to confront with the obstacles coming
from the natural texture of the subjects, since their contents consist of water in living cells
found leaf, fruit, stem, flower, seed or fruiting body, stalk and sclerotium from medicinal
mushroom. The spectroscopy analysis of natural product needs to avoid the interrupting
H2O background and preserve the nature of the features. Therefore, the analysis must apply
the correct method chosen as well as appropriate spectrum interpretation on natural product.
There are three choices of FTIR spectrum scanning for natural product. Firstly, mixture with
KBr if the natural product is completely dried and without the need for further drying process,
such as seed, some rhizome or hash portion of fruiting body. Secondly, ATR is the best choice
if the sample is sensitive to the environment conditions when they are being removed or still
contain water and mucous secretions. Even though there is a slight refection on the sample
surface through the diamond platform, the spectrum created is still sufficient to represent the
actual profile when using air as a background. In comparison, the juice of the natural product
containing water can be analysed using liquid sample cell with calcium fluoride window. The
third method is the FTIR imaging attached to a microscope with a spectroscopy system. The
combination enriches the scope of analysis and is more powerful and user-friendly.
No doubt that human error is unavoidable when dealing with natural product analysis. The
content(s) may have been lost during the sample processing, poor quality of extraction, physical deterioration and extended period of storage. The more the natural content of the subject
model is preserved, the more accurate it can be analysed. These kinds of natural product are
found in Malay, Chinese [6] and Ayurvedic medicine such as medicinal mushroom. Many
remedies in these communities contain ready to use formulae of the natural products for
therapy, e.g. use of turmeric product [7] for blood clotting. FTIR is one of the methods to study
the key chemical contents in such treatment.
5.1. Analysis of natural product and raw material
5.1.1. Appropriate for quantification of chemical marker analysis
In order to determine the exact quantity of the chemical(s) involved in the treatment, the
Spectrum Quant is especially effective for this purpose, using different concentrations of standards that will generate the range of spectra for the targeted compound. The other algorithms
such as PCR+, PLS and Quant C can also be chosen depending on the respective objectives of
the study. The results of analysing an unknown sample can be used to predict its concentration by comparing with the range of standards.
5.1.2. Exposure to various factors
The original natural product is the best type of sample for chemical fingerprint profiling,
maturity or storage period determination. Time factors such as oxidation, exposure to air, etc.,
could affect the whole experiment. The sample of natural product analysed using FTIR and
2DIR is prevented from the detrimental effects of these factors.
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5.1.3. Determination of different geographical origin of natural product using principal component
analysis or SIMCA
Natural product especially the medicinal plants and mushroom of different geographical origin would have a variety of chemical contents with respect to the quality and the quantity.
Mean spectral data from randomly chosen plants from a plantation and those from individual
plants can be compared. This kind of statistical value could be plotted using a software such
as Assured ID which will provide overall comparison of the similar type of natural product
collected from different geographical locations. The differences are due to factors such as different types of soil, water, weather, pH of the soil, water, etc. These factors will influence the
distance and the percentage of rejection of SIMCA created by three principle components.
Figure 8 showed the example of SIMCA result of H. sabdariffa [8, 9] sample from two different
locations in Malaysia.

Figure 8. Statistic result checking with SIMCA on H. sabdariffa collected from two different locations in Malaysia. Thirty
five plants were randomly selected from a plantation in Johor (JHR) and Penang (P.P) where there are separately 340 km
away. The fruits from each plant were collected in different net bag. Thirty-five net bags of H. sabdariffa fruits from two
locations were processed and produced the pulverised dry powder for the ATR spectroscopy method. Two locations of
samples spectrum were grouped in the software Assure ID with triplicates. The result showed that there are some factors
caused the samples from two locations was successfully discriminated with the inter-material distance 3.06. Two spheres
sharp of diagrams created ever combined at a portion that joined them together under Principal Component (PC) 1, 2
and 3. The conclusion is the samples from two different locations are different in term of some factors such as water,
weather, air, soil, but they still contain certain factors that they are having the same. The data produced can be used for
further prediction for geographical origin of the unknown sample.

6. Fourier transform infrared spectrum and 2DIR correlation spectroscopy
for complex mixture analysis
Today, use of combo medicinal contents has been reported to be more efficient compared
to single compound when treating viral diseases. Research on the effects of combination
of different substances has been reported in vitro and in vivo. This method is claimed to be
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effective against mutating virus. Several medicinal products are known to kill selectively
and prevent the spread of the infection virus. Many possibility of combination of medicinal
products exist [10], e.g. raw and the fractions, fractions from different plants, fractions plus
compound and raw with compounds. Identification of this kind of the contents in this type
of combination is not a priority as long as the efficacy is enhanced and patient acceptance
is good. On the other hand, analysis of the interaction of components in the combination is
crucial to generate information for the design of new medicinal product in future. The 2DIR
correlation spectroscopy plays a vital role in the combo medicine interpretation.
6.1. Difficulty in interpretation
Analysis of the complex mixture of samples required pre-knowledge of the main compounds
involved. The addition of different types of standards is needed to determine the assignment of
bond in 1D FTIR. There could be no actual matching of standards peak with the complex mixture because of the overlapping and interruption of the bonds from each other. Consequently,
more standards or fractions need to be used for different scope of comparison. The additional
library in the software could be helpful in this aspect. When the peaks have been confirmed,
then the next step will be carried out as usual. The 2DIR with synchronous spectrum is the best
option to investigate the interaction of mixture under the appropriate perturbation.
6.2. Level of sensitivity
It is often difficult to address the interaction of a mixture as it may contain totally dissimilar
types of compounds. However, they can react concurrently when perturbation is applied. The
degree of sensitivity, either from the user or the system is very much relied on the experience
and practice, e.g. two possible interpretations based on the similar spectrum. Therefore, the
analysis on the mixture with FTIR and 2DIR must be accurate and detailed initially to prevent
subsequent misinterpretation.
6.3. Strengthening of data
It is not advisable to use the asynchronous spectrum in 2DIR for the mixture due to the tremendous overlapping of assignment which is confusing. Other types of data generated from HPTLC,
HPLC, GCMS, LCMS and NMR could be additional evidences for mixture complex analysis.

7. Limitations of FTIR and 2DIR
FTIR and 2DIR technique used in analysis has their limitations that could reduce the degree of
efficiency. Fractions in solution form are not eligible for 2DIR analysis except using liquid sample
cell, since special sample cell is needed to create high temperature changes and the rate of evaporation of the natural product solution is unknown. However, liquid sample cell is expensive.
Besides, there is no appropriate FTIR equipment to capture the changes of spectrum within a
few seconds, such as oxidation from the natural product. The thermal perturbation is commonly
utilised for analysis of different substances and difficult to interpret compound with more than
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one isomers structure. However, no standardise method exist to determine the degree of peak
differences. Some researchers agree that the range 2–3 cm−1 is for detecting the pure compound
and the fraction, while the range 5–8 cm−1 is for the raw material and other materials. However,
the acceptance of these ranges is still debatable. Lastly, there will be confusion on spectra for
comparison when the quality of extraction is not the same especially the fractions.

8. Conclusion
In conclusion, much research on FTIR and 2DIR is still ongoing in order to overcome the
various limitations confronting their widespread use. With accumulated experience and
sophisticated innovation such as imaging microscope connect to FTIR, the techniques will be
improved and enhanced in the near future.

Acknowledgements
We would like to thank the Director General of Health of Malaysia for his permission to publish
this article and the Director of Institute for Medical Research (IMR), Kuala Lumpur for the support
of this project. This work was financially supported by the NKEA AGRICULTURE (EPP#1), NKEA
Research Grant Scheme (NRGS) (Grant No: NH1014D060). The author also thanks Dr.Aswir
(IMR), Dr. Hussin (IMR) and Dr. Lee Han Lim (IMR) for critically reviewing this paper and technical support from Perkin Elmer Sdn Bhd. (Malaysia). The previous support of Islam Development
Bank (IDB) for training in FTIR and 2DIR under the Merit Fellowship is gratefully acknowledged.

Author details
Yew-Keong Choong
Address all correspondence to: yewkeong@imr.gov.my
Phytochemistry Unit, Herbal Medicine Research Centre, Institute for Medical Research, Jalan
Pahang, Kuala Lumpur, Malaysia

References
[1] Nakanishi K., Solomon P.H. Infrared Absorption Spectroscopy. 2nd ed. Holden-day,
San Franciso. 1977.
[2] Noda I, Ozaki Y. Two-Dimentional Correlation Spectroscopy Application in Vibrational
Optical Spectroscopy, Hohn-Wiley and Sons Ltd. Chichaster, West Sussex. 2004.
[3] Noda I. 2DCOS and I. Three decades of two-dimensional correlation spectroscopy.
Journal of Molecular Structure. 2016;1124: 3–7.

189

190

Fourier Transforms - High-tech Application and Current Trends

[4] Product Note, Spectrum Quant Quantitative Analysis Software. PerkinElmer, Inc.
Waltham, MA, USA. (2014) www.perkinelmer.com.
[5] Sun S.Q., Zhou Q. Atlas of Two-dimensional correlational Infrared Spectroscopy for
Traditional Chinese Medicine Identification, Chemical Industry Press, Beijing. 2003.
[6] Wu Y.W., Sun S.Q., Zhou Q., Tao J.X., Noda I. Volatility-dependent 2DIR correlation
analysis of traditional Chinese medicine “Red Flower Oil” preparation from different
manufacturers. Journal of Molecular Structure. 2008;882;107–115.
[7] Aggarwal B.B. Curcumin-free tumeric exhibits anti-inflammatory and anticancer
activities: Identification of novel components of tumeric. Molecular Nutrition & Food
Research. 2013;57:1529–1542.
[8] Norhaizan M.-E., Fong S.H., Amin I., Chew L.Y. Antioxidant activity in different parts
of roselle (Hibiscus sabdariffa L.) extracts and potential exploitation on the seeds. Food
chemistry. 2010;122:1055–1060.
[9] Salem M.Z.M., Olivares-Perez J., Salem A.Z.M. Studies on biological activities and phytochemicals composition of Hibiscus species-A review. Life Science Journal. 2014;11(5):1–
8. (ISSN:1097-8135). http://www.lifesciencesite.com.
[10] Sun S.Q., Chen J.B., Zhou Q. Infrared Spectroscopy for Complex Mixtures, Chemical
Industry Press, Beijing. 2011.

Provisional chapter
Chapter 9

Fourier Transform Infrared Spectroscopy in the Study
Fourier Transform Infrared Spectroscopy in the Study
of Hydrated Biological Macromolecules
of Hydrated Biological Macromolecules
Maria Grazia Bridelli
Maria Grazia Bridelli

Additional information is available at the end of the chapter

Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/66576

Abstract
The interaction between biological macromolecules (proteins, nucleic acids, lipids and
other biomolecules in the cell) and environmental water is an important determining
factor in their conformational properties, stability and function. The hydration processes
of biopolymers have been extensively studied in the past 20 years with reference to a
considerable variety of models and concepts. In all recent works, a distinction is made
between intracellular water that maintains the ordinary liquid state (bulk water) and
water ordered in extended hydrogen‐bonded lattices at the surface and structured in the
internal grooves of macromolecules (hydration water) in dependence on the chemical
properties of the macromolecule surface. FTIR spectroscopy has been implemented in
this field both for the sensitivity in the conformational analysis of biological macromol‐
ecules and the reliability in the investigation of the water network. A perturbation tech‐
nique such as dehydration‐rehydration treatment modifies the macromolecule structure
and water distribution. It was applied to two structurally different proteins: lysozyme, a
globular (α + β) protein and collagen, a fibrous protein characterized by the triple helix
structure. Submitted to the treatment both of them display irreversible conformational
changes.
Keywords: FTIR spectroscopy, biological macromolecules, hydration, adsorption
isotherms, lysozyme, collagen

1. Introduction
Water controls and affects in large extent structure and function of biological macromolecules
[1]. This unique molecule has had an essential role in the evolution of living systems, and its
functions are manifold. At macromolecular level, very small water amount or small aggre‐
gates are fundamental both in the determination and maintenance of the biologically active
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structure of proteins, nucleotides, carbohydrates and other biopolymers. The solvent orga‐
nization around the solute macromolecule structures allows folding to the native and func‐
tional conformation and the development of many biological functions such as for example,
substrate recognition and binding to an enzyme, protein subunits assembling and to origi‐
nate and stabilize higher order structures such as membranes. A lot of biochemical reactions
fundamental in metabolism and synthesis are involving water as universal reagent, such as
hydrolysis, condensation, reduction and oxidation. Despite the great interest in the problem,
the relationship between the biopolymer conformation and the structure of the water net‐
work cannot still be described with confidence. In the case of proteins, it is well‐known that
polypeptide molecules are surrounded in the cell by a hydration shell which can be described
as formed by differently interacting water molecules organized in layers surrounding macro‐
molecule. The simplified description of the hydration shells formed by a uniform layering of
water molecules around the macromolecule is not realistic: most proteins, for example, offer a
surface where binding sites, cleft or crevices provide favorable environments for solvent mol‐
ecules. Such water molecules are organized in clusters or patches decorating the macromol‐
ecule surface and are called “bound” water due to the restricted mobility with respect to the
water molecules in bulk. Orientation changes may be related to structural or conformational
differences among macromolecules. The bond strength variety of bound water affects mobil‐
ity, reorientation and vibrational properties [2–7].
A variety of experimental techniques were introduced and applied to study the hydration
properties of biological macromolecules: DSC (differential scanning calorimetry), NMR
(nuclear magnetic resonance), neutron and X‐ray diffraction, gravimetric techniques, as well
as UV‐vis and CD spectroscopies have been employed to characterize the extent of water‐
biomolecules interaction. In addition, the problem of water interactions was object of theoreti‐
cal analysis and structure prediction as well as molecular dynamics simulations.
Fourier transform IR absorption spectroscopy represents a powerful method to gain struc‐
tural information on hydrated biological macromolecules, alternative to other well‐estab‐
lished techniques whose application presents severe limitation to dry compounds or in the
first hydration events. It requires a minimal sample amount and preparation, and it can be
used in a wide variety of conditions and geometries. It enables to study (1) the amplitude
and position changes of the main absorption bands associated with characteristic functional
macromolecule groups, as a function of water content; (2) the properties of water structured
around the biomolecules, using H2O molecules as probes to detect conformational changes in
the macromolecule structure induced by water interactions [8].
H2O displays a strong IR spectrum with three main bands corresponding to the OH stretch‐
ing, bending and libration modes. Their contribution can be identified in the spectrum of
macromolecules and changes in the hydration conditions significantly influence the infra‐
red spectral pattern. The spectral changes observed as a function of water removal may be
monitored, correlated to the changes in macromolecule conformation and used to identify
the sites of water sorption. The OH stretching band, in particular, by appropriate mathematic
manipulation, can be used to build the water adsorption‐desorption isotherms describing the
hydration processes governing each water population.
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The technique and the related experimental procedures were successfully applied in the
past on two macromolecular systems very different in chemical composition and structure.
Melanin and lipid array have been object of past publications [9, 10]. The present work is con‐
cerning two proteins, collagen and lysozyme, and their interaction with water.

2. Infrared spectroscopy of water
Water has a strong absorbance in the infrared [11–13]. The characteristic normal modes of
the H2O molecule are due to vibrating O–H bond whose frequencies are critically dependent
on the aggregation state of water: gas, liquid and solid. In the medium infrared wave num‐
ber region (MIR), the isolated water molecule (gas phase) has three main normal modes of
vibration. The symmetric and asymmetric OH stretching vibrations (ν1, ν3) have band maxi‐
mum at 3656 and 3755 cm−1 and the bending mode, δ(OH), has the band center at 1594 cm−1.
Upon formation of hydrogen bonds in the liquid phase and because of the broadening of the
spectral features, ν1 and ν3 features are collapsing to a diffuse absorption band that appears
200–400 cm−1 shifted towards high wave number region with respect to the gas phase values.
In addition, ν(OH) band width at half‐maximum (FWHM) will broaden as a consequence of
the H bond pattern formation. In general, the more heterogeneous are the molecular envi‐
ronments of hydrogen‐bonded molecules, the broader the band. For this reason, the liquid
water spectrum is broader than that found for ice spectrum reflecting the vibrations of more
selected hydrogen bond energies and configurations. The bending mode shifts towards high
wave number region as a consequence of formation of hydrogen bonds: liquid water and
ice display bending absorption bands at 1645 and 1670 cm−1, respectively. Libration modes
νL are other vibrational modes of condensed phase water. They appear at 685 cm−1 for liq‐
uid water and shifts at 830 cm−1 for ice. Moreover, an absorption band is observed around
2200 cm−1, centered at 2100 cm−1 for liquid water and around 2255 cm−1 for different phases of
ice. It represents a combination band, due to the association of the bending δ and libration
νL features.
2.1. OH stretching band (ν(OH))
The IR OH stretching band has been widely studied to investigate the properties of water
structured around biomolecules. The first pioneering work concerning the study of hydration
water of globular proteins was performed by Buontempo, Careri and Fasella in 1972 by ana‐
lyzing the differential Infrared band near 3300 cm−1 in the spectrum of Lysozyme and Bovine
Serum Albumin before and after dehydration under various conditions [14]. The study evi‐
denced the presence of water molecules differently mutually interacting and with the protein
surface, being possible to distinguish a contribution due to liquid water and a component
corresponding to the so‐called tightly bound water. In the following years, thanks to the
implementation of the interferometric spectrophotometers instead of the dispersive one, mea‐
surements were performed with a much better sensitivity and reliability. The enhancement in
the peak fitting procedures with help of second derivative operation and iteration procedures
allowed to improve the qualitative picture by fitting the band into component sub‐bands
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related to different local H bonding structure. In the paper of Onori and Santucci [15] and
Mallamace et al. [16], the best fit deconvolution of the band was performed in the study of,
respectively, AOT hydrated micelles and lysozyme at different temperatures to investigate
structural dynamical transitions.
Pure water ν(OH) band (3800–2800 cm−1) cannot be fitted by a single Gaussian line, but
can be deconvoluted into components, usually assigned to different sets of molecules.
Following the central limit theorem stating that the distribution of the sum (or average) of
a large number of independent, identically distributed variables will be approximately nor‐
mal, regardless of the underlying distribution, the component number could be enormously
large. However, the structural constraints settled on the basis of the number and strength of
hydrogen bonds in different arrangements avoids effects of overfitting, allowing the break‐
down of the band up to a maximum of six sub‐bands in dependence on the model assumed
to describe water system. The structure of ν(OH) band is described in details by Schmidt and
Miki [17] and directly related to the O‐H bond lengths: variations in the bond lengths are
caused by the influence of the surrounding hydrogen‐bonded network of water molecules
and affect position and width of the components bands. According to this view, from the
higher wave number region towards the lower one, the first peak (3680 cm−1) can be attrib‐
uted to monomer‐like vibration, due to free O–H vibration of H2O molecules behaving as in
the vapor state. The three intermediate components contribute 85% to the total signal, indi‐
cating that the majority of water molecules have a local hydrogen‐bonded network which
includes 3–7 H2O molecules as confirmed by theoretical calculations. Solid clusters (6–10
H2O) is responsible for the envelope of the two low wave number bands. The peak position
of each band was related to O–H bond length. The values were calculated by transforming
the frequency and full‐width half‐maximum values of the ν(OH) band components using
Badger's rule [18].
In recent times, we have developed a technique operating the removal from the spectrum
of the features due to the spurious vibrational bands unrelated to water by means of the
operation of subtraction of the “dry sample” spectrum, i.e., the spectrum of the sample gently
dehydrated to expel as much solvent as possible without affecting the molecule structure [9,
10, 19]. The cleaned band obtained by such procedure can be treated as a water ν(OH) band
and therefore compared with the corresponding band of pure water and analyzed by decon‐
volution in component bands, each one related to different hydrogen bond engagements and
lengths.

3. Experimental section
Infrared spectroscopy is an experimental technique able to detect the absorption of infrared
radiation by the matter [20]. Characteristic vibrational states may be attained by the mol‐
ecule at the frequencies characteristic for each component molecular group. They can be mea‐
sured as an absorption spectrum, i.e., a plot of the absorbed intensity of the applied radiation,
expressed as absorbance, as a function of its frequency, measured in terms of wave number
(cm−1). The infrared spectrum is characteristic for any molecule to such an extent that it may
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be considered the molecule fingerprint. For a molecule that consists of N atoms, there are
(3N‐6) ways in which the molecule can vibrate, or (3N‐5), if it is linear, therefore, it is reason‐
able to expect that complex molecules or mixture of substances could originate complex IR
spectra, difficult to analyze and to interpret. Nevertheless, some moieties of the molecules,
the so‐called functional groups, display one or more absorption infrared bands at specific
frequencies, slightly influenced by the surrounding parts of the molecule. In such a way, it is
possible to identify the chemical groups responsible for such features even though the mol‐
ecule is not known.
FTIR spectrophotometers use the technique of Michelson interferometry to simultaneously
sample a range of frequencies. The IR beam emitted by the source is collected by a beam split‐
ter and divided into two beams each one of half intensity with respect to the original beam.
One is falling on the moving mirror and the other one on the fixed mirror. The light beams
reflected by the moving and the fixed mirrors are combined generating a complex interfero‐
gram, as a function of the position of the moving mirror. The resulting interferogram is sub‐
jected to Fourier analysis to generate a spectrum, i.e., a plot of intensity versus frequency.
Absorption spectra are obtained by measuring the interferograms with a sample and with the
empty sample cell (blank) in the beam, being the interferogram intensity
+∞

Iinterferogram(t) = k ∫ Ibeam(ν)e i2πνt dν
−∞

(1)

where k is a constant, Ibeam the intensity of the beams and ν the wave number. From the inter‐
ferogram, the intensity of the beams can be calculated by inverse Fourier transforming the
resulting interferograms
+∞

Ibeam(ν) = k ∫ Iint(t)e −i2πνt dt
−∞

(2)

The IR absorption spectrum is calculated as the logarithm of the intensity quotient of blank
to sample.
3.1. Equipment and materials
Any standard commercial Fourier transform infrared spectrophotometer can be used to per‐
form the experiments described in the present paper. We have used two kinds of equipment:
BOMEM DA8 and Jasco 420 FTIR spectrophotometers operating in the 4000–400 cm−1 range,
at temperature close to ambient (290–300 K). Each spectrum was measured by acquiring 128
scans at 2 cm−1 spectral resolution.
The samples were thin films obtained by depositing aqueous solutions (c = 10–40 mg/ml) on
CaF2 windows and allowing them to dry in air under ambient conditions. The film smeared
on the calcium fluoride platelets was assembled in a sealed sample cell consisting in a dry box
equipped with IR transparent CaF2 windows. In the box were inserted (1) a vessel containing
a saturated salt solution suitable to assess the opportune relative humidity (RH) to which the
sample has to be equilibrated; (2) the sample prepared as a film smeared on a CaF2 platelet,
vertically positioned in such a way as to allow for transmission measurements (Figure 1). The
box, avoiding any contact of the sample with the external atmosphere, was inserted in the
sample chamber of the FTIR spectrophotometer.
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Figure 1. Sketch of the sample holder employed to attain the desired hydration degree in the samples. The samples
were obtained as films of macromolecule solution smeared on the vertical CaF2 platelet, allowed to dry in air before to
expose them to the moist ambient in the box. Different relative humidity was achieved in the inner ambient of the box by
saturated salt solutions put in the vessel placed on the box base and assembled together with the sample.

Blank measurements were recorded on the sample holder in order to subtract the contribu‐
tion of the CaF2 platelet on which the sample was deposited and the spectrum of the dry box
CaF2 windows.
3.2. Experimental procedures and analysis of water sorption
The protein film together with the salt solution suitable to keep it at the desired humidity level
was assembled in the sample holder for 1–2 days before to submit it to the measurements.
Table 1 lists the salts employed for preparing salt solutions able to provide in the desiccator
water activities aw ranging between 0.06 and 0.97.
The change in the hydrating solution was performed in a dry box under a controlled N2 atmo‐
sphere. The lowest hydration value was reached by maintaining the sample in an oven at
about 80°C for 2 h. This sample was called the “dry” sample.
Fitting operation of the OH stretching and Amide bands was performed according to Gaussian
curves starting from a second derivative analysis [21]. In particular, the OH‐stretching mode
band (ν ~3400 cm−1) was analyzed following the approach, adopted in the literature to describe
the solvent role of water and deconvoluted into components, which, in principle, might be
related to different hydrogen‐bond distances [17]. A twofold analysis was performed on the
ν(OH) band. First, the spectra of the samples collected by decreasing (desorption run) and
increasing (adsorption run) the ambient relative humidity were compared and analyzed with
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Salt

aw

NaOH

0.06

KOH

0.09

CaBr2

0.16

CaCl2

0.29

NaI

0.38

Ca(NO3)2

0.51

NaBr

0.58

KI

0.69

NaNO3

0.74

NaCl

0.75

NH4Cl

0.79

KBr

0.81

KCl

0.84

BaCl2

0.90

KNO3

0.92

K2SO4

0.97

Table 1. Salts employed for saturated salt solutions necessary to accomplish the controlled activities aw in the box where
the macromolecule films were equilibrated before FTIR measurements.

respect to the other spectral features (Amide bands). Second, the OH stretching band was
resolved, by a curve fitting approach, in Gaussian components. The goal in the method is to
decompose the feature into three component bands which can be assigned to three different
sets of hydrogen bond strength. The Gaussian component amplitude, converted into water
amounts, can be used to plot sorption isotherm curves [22]. The relative amounts of water
in the three different structural forms were expressed in terms of the area of each peak by
assuming that the sum of the areas of the peaks is proportional to the total amount of water
in the protein. The corresponding H bond lengths were evaluated by employing Nakamoto
plots [23].
Water sorption isotherms were obtained as the sorbed water vapor amount versus water
vapor activity aw at fixed temperature [22]. The water content of the sample was spectropho‐
tometrically determined from the ν(OH) band amplitude subtraction of the spectrum of the
same sample fully dehydrated (“dry” sample). In this way, any contribution to the band of
N–H and C–H stretching vibrations, occurring in the same wave number range, was system‐
atically eliminated. Due to the thin thickness of the samples, layered as film and the very low
water content (0.97–0.06 gwater/gdry sample), the very small change in the optical path produced
by dehydrating the sample does not affect significantly the spectra intensity. Adaptation of
Beer's law was successively used to rescale the intensity of the “cleaned” ν(OH) bands, in
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accordance with the approach proposed in the literature to study various hydrated biomate‐
rials [24]. To quantify the integrated absorbance in terms of water surface coverage, we can
assume a modified form of Beer‐Lambert’ law
˜ =
A

∫ A dν = ε (ν MAX ) c¯ d

band

(3)

˜ is the integrated absorbance of the component band, ε (ν ) is the molar absorp‐
where A
MAX
tivity at wave number ν MAX corresponding to the peak of the band (L mol−1 cm−1), c¯ is the
concentration of the absorbing species (mmol/cm3 or, equivalent mol/L) and d is the average
thickness of the absorbing species film, that is, adsorbed water, in centimeters [9].
For water, it is possible to evaluate the molar absorptivity ε(ν) at fixed wave number [24]: for
example, one can evaluate ε (3600 cm−1) = 1.647 L mol−1 cm−1. By assuming the path length d as
the thickness of a film of water, the corresponding amount of the water content can be con‐
verted in concentration c¯ of water, assumed as only absorbing species. The concentration c¯ in
each sample prepared at each hydration degree can be evaluated and employed to normalize
the amplitude of the subcomponents in the ν(OH) band. The desorption‐adsorption branches
of the isotherm curves were therefore obtained for each Gaussian component. As a rule, the
desorption experiments were performed by starting from the highest aw value (aw = 0.97) and
accomplished before the adsorption one, to avoid possible damages in the samples produced
by dehydration treatments.

4. Collagen
Collagens are a large protein family forming a characteristic triple helix of three polypep‐
tide chains giving rise to supramolecular structures in the extracellular matrix: their size,
function and tissue distribution vary considerably [25]. So far, 26 genetically distinct collagen
types have been described. It is the main fibrous component of skin, bone, tendon and carti‐
lage, accounting in particular for three‐quarters of the dry weight of skin, and representing
the most prevalent component of the extracellular matrix. The collagen molecule is a rigid
rod‐like structure able to resist stretching. It is composed of three polypeptide left‐handed
α chains coiled around each other to form a typical right‐handed rope‐like triple helical rod
(approximately, 1.5 nm in diameter, 300 nm in length). The triple helical sequences are com‐
posed of Gly‐X‐Y repeats, X and Y being frequently proline and hydroxy‐proline, respec‐
tively [26]. Stabilization of the triple helix is assured by a lot of structural conditions as the
presence of glycine as every third residue, a high content of imino acids with a rigid cyclical
structure (proline and hydroxy‐proline) and electrostatic interactions involving lysine and
aspartate [27]. Both in the structural and functional properties, a key role is undoubtedly
played by water, which provides inter‐chain hydrogen bonds and water bridges and coats
triple helix by a cylinder‐like of hydration [28, 29]. Moreover, water critically regulates chain
flexibility and assures the water mediated H‐bonds favoring fiber recognition and alignment.
Water lacking is a very dangerous process for the protein, damaging the structure in irrevers‐
ible way. Water depletion, caused by tissue maturation, exposition to UV light and/or some
pathological processes, such as diabetes, triggers detrimental conformational rearrangements
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due by nonenzymatic glycation reactions between the protein and the complex carbohydrates
present in the matrix, leading to the formation of oxidation products, known as Advanced
Glycation End‐products (AGE) [30, 31] having the effect to modify the collagen fibers physi‐
cal properties, inducing an increase in stiffness and breaking load, denaturation temperature,
solubility and a decrease in resistance to degradative enzymes [32].
Despite the great amount of studies [33], the explicit relationship between protein and hydra‐
tion water structure is still an open question and the detailed dehydration scheme of collagen
and the structural implications are not yet completely elucidated.
4.1. Hydration structure of collagen: FTIR spectroscopy and water sorption isotherms
Complementary FTIR measurements on collagen prepared at very low hydration level (aw
in the range 0.06–0.97) and adsorption isotherm technique have put in evidence the critical
hydration level which induces an irreversible conformational change in the protein, respon‐
sible for the first ageing step.
In Figure 2, the spectra of collagen extracted from rat tail tendon (type I collagen) are shown
during the dehydration run.
In order to study the role of water interacting with collagen, FTIR spectrum was analyzed
in the OH stretching region by changing the hydration content of the sample following the
method described above (Section 3.2).

Figure 2. FTIR spectra of rat tail tendon collagen, recorded at different water activities during dehydration treatment
from aw = 0.97 to aw = 0.06.
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OH stretching band (wave number range 4000–3000 cm−1) was analyzed after subtraction of
the “dry” spectrum and decomposed into four components (Figure 3) whose frequencies
were related to different O‐H bond lengths as listed in Table 2.
The ν(OH) feature composition in Gaussian sub‐bands in such a way can be correlated to the
hydrogen bond network around the protein and provides information about the structural
modifications induced by changing the hydration level. The four Gaussian components are
peaking, for the sample at the maximum hydration, at 3598, 3467, 3295 and 3115 cm−1, follow‐
ing the procedure of the second derivative analysis. They are corresponding to four classes
of water molecules bound to the protein, different in vibrational energies and each one char‐
acterized by a single average H‐bond distance (H···OH length): 0.31, 0.29, 0.28 and 0.25 nm,
respectively [18, 23].
The sub‐band peaking at the highest wave number region is corresponding to H‐bond dis‐
tances characteristic of vapor‐like state. Similar features, detected for different biological
macromolecules [9, 10, 16], were assigned to the non‐H‐bonded or weakly H‐bonded O–H
groups. It is reasonable to suppose that in collagen prepared at very low hydration levels, as
in our case, they could be originated by the dangling most external water molecules sitting
on the outer hydration layer coating the macromolecule. The inability for these molecules
to establish active H‐bonds with surrounding water molecules, accounts for the high mobil‐
ity and the large vibrational energy comparable with those of free water molecules in the
vapor state. They represent about the 5% of the total amount of water hydrating collagen
at the relative humidity settled for the experiment, being the percentages calculated as the

Figure 3. Gaussian deconvolution of FTIR spectrum of collagen (aw = 0.38) in the ν(OH) region, by means of four
component bands, as obtained by means of second derivative method. The sum of the fitted curves is shown as the red
line, closely overlapping the experimental data trace, which is shown as a full black line.
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Molecule

Stretching frequency (cm−1)
ν2

ν3

Pure water 3570

3434

3322

Collagen

3598

3467

3295

Lysozyme

3539

3315

3008

ν1

H‐bond distances (nm)
ν4

3115

d1

d2

d3

0.30

0.29

0.28

0.31

0.29

0.28

0.29

0.28

0.24

d4

0.25

Table 2. Hydrogen bond distances estimated from the vibrational frequencies following Nakamoto et al. [23].

ratio Ai/Atot of the single component area (Ai) with respect to the total band area (Atot). The
two component bands peaking at the intermediate wave numbers may be related to H2O
molecules coordinated by two or three, more or less distorted or strained, H bonds. They
may be identified with H2O molecules deeply located inside the protein helix, acting as water
bridges within a single peptide chain and/or interconnecting the different α‐chains in the
triple helix. They constitute the 19% and the 31%, respectively, of the total water amount.
The corresponding H‐bond distances suggest that they could represent the solvation mol‐
ecules involving C=O groups belonging to glycine (d(C=O···W) = 0.295 nm) and hydroxypro‐
line (Hyp) (d(C=O···W) = 0.284 nm) hydroxyl moieties [29]. The component at 3180 cm−1 may
be attributed to water molecules located near to the protein surface and hydrogen bonded to
polar and charged groups exposed to the macromolecule surface: they originate some ice‐like
tetrahedral structures more or less distorted. The corresponding average H bond length is in
fact characteristic for arrangement of H2O molecules as in small solid water clusters, assum‐
ing the length O···O of hydrogen bonds in ice as 0.276 nm [34]. The broad profile of such a
band, extending on a wide wave number range, testifies for the large distribution of water
vibrational states in a configuration variety, concurring to the feature. Such a sub‐band repre‐
sents the main hydration fraction at the highest settled humidity, corresponding to the 45% of
the total amount of hydration water.
The dehydration treatment at aw = 0.06 followed by a subsequent rehydration up to the origi‐
nal relative humidity (aw = 0.92) reveals a pronounced hysteresis effect in the ν(OH) band
amplitude and a remarkable modification of the profile, as shown in Figure 4.
The difference spectrum is peaking at ν ∼3400 cm−1; therefore, it is roughly filling the position
of the third component of the overall ν(OH) band. Moreover, it exhibits a shoulder on the low
wave number side (ν ∼3000 cm−1). This finding suggests that dehydration treatment causes in
collagen the loss of a considerable amount of H2O molecules truly involved in the internal water
bridges, probably coordinated by glycine C=O, and a fraction of molecules coating the polypep‐
tide surface, bound to the Hyp hydroxyls. This water portion once desorbed, only partially can
be re‐adsorbed. It accounts for the 21% of the total water amount initially hydrating the sample.
With the aim to better investigate this topic, the peak areas of the two intermediate sub‐bands,
peaking at ν = 3467 cm−1 and ν = 3295 cm−1, detected in the spectrum of the sample at the high‐
est hydration level, were plotted as a function of the activity aw during the desorption and
the subsequent adsorption processes to build the corresponding isotherm curves. Figure 5
summarizes the isotherm curves related to the two component bands highlighting the large
differences occurring in sorption mechanisms of the two related water sets.
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Figure 4. OH stretching bands measured for collagen at aw = 0.97, before (curve a) and after (curve b) dehydration at
aw = 0.06. Curve c represents the difference between a and b bands and the subtended area (pink dashed area) can be
related to the water amount desorbed by the sample during dehydration and no more recovered along rehydration.

Figure 5. Desorption and adsorption curves for two sub‐bands (ν = 3467 cm−1 and ν = 3295 cm−1) of OH stretching band
measured for collagen, during dehydration (black symbols) and re‐hydration (red symbols) treatments. Blue triangles
represent the desorption data obtained by means of the gravimetric experiment. The lines are a guide for the eye.
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The band at 3295 cm−1 displays a type II‐like desorption and adsorption behavior [22]. The
band amplitude completely recovers at the end of the process; therefore, such component
only partially participates to the lacking of recover in amplitude of the total ν(OH) band,
the weak hysteresis effect being probably due to the reassessment of the interchain water
bridges as a consequence of the perturbation induced by water subtraction. Concerning the
band at 3467 cm−1, the mechanism of dehydration is very different than that of rehydration.
The desorption branch correlates well with the curve gravimetrically measured by weighing
the sample after equilibration at each different humidity level, as shown in Figure 5 (blue full
triangles): the two desorption curves show the same trend. They are as type II curve, where
three phases can be distinguished: a starting rapid dehydration step from aw = 0.92 to about
aw = 0.80, a second one in the aw range 0.80–0.40, where water desorption occurs more slowly
with the decrease in ambient relative humidity and a third phase at low water activities,
extending from aw = 0.40 to aw = 0.06, describing a characteristic “knee” [2]. The first phase
may be assigned to the removal of water molecules forming hydrogen‐bonded clusters, the
second one to subtraction of H2O molecules from weakly interacting surface regions and the
third branch to the dehydration of strongly bound water molecules by Hyp hydroxyl moi‐
eties exposed at the surface. The result suggests that the whole protein desorption process is
mainly concerning the dehydration of the external water layer.
Water uptake exhibits a very different behavior with respect to the dehydration, resulting in a
large hysteresis loop, extending over the whole activity range. Adsorption isotherm displays
features not conform to any isotherm type in the Brunauer classification [22]. From aw = 0.06 to
aw = 0.40, the amount of water adsorbed is rather negligible. The activity aw = 0.40 represents a
threshold activity above which a sudden water uptake occurs attaining a saturation hydration
value, lower than the moisture content of the freshly prepared sample.
Water deprivation and restitution has considerable consequences on the macromolecule struc‐
ture. The changes in the high wave number region of the IR spectrum can be correlated with
the secondary structure analysis carried out on Amide I band which was resolved in Gaussian
components. Qualitative and quantitative information about the conformational composition
of the protein prepared in the different hydration states were obtained. Amide I band in fact
was decomposed in sub‐bands whose position and area were related, respectively, to the dif‐
ferent types and to the amount of secondary structures (Figure 6). The sum of the areas of the
peaks represents the total amount of secondary structure in the protein.
The curve fitting procedure [8, 21] allowed determining the secondary structure composi‐
tion in the freshly prepared sample (aw = 0.97), as displayed in Figure 6A: β‐turn (1695 cm−1),
β‐sheet (1680 cm−1), α‐like helix (1660 cm−1), unordered structure (1644 cm−1), triple helix
(1628 cm−1), β‐sheet (1615 cm−1), side chains (1607 cm−1). The multipeak decomposition of the
band measured in the sample rehydrated at the original activity, after dehydration at aw = 0.06
(Figure 6B), revealed the modification occurred in the secondary structure, the most signifi‐
cant change concerning the increase in the broad sub‐band peaking at ν ∼1670 cm−1 largely
spanning the high wave number region of the Amide I band and the parallel decrease in the
component bands at 1695 and 1660 cm−1. The formation of such structures may be related
to the relative increase in β components (antiparallel β‐sheet and aggregated strands) with
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Figure 6. Amide I band deconvolution for collagen at aw = 0.97 before (A) and after (B) dehydration at aw = 0.06. The set of
Gaussian components can be related to the secondary structure composition of the protein. The full blue lines highlight
the component bands related to the antiparallel β‐sheet/aggregated strand motif. The dotted red lines represent the sum
of the components.

respect to the α‐helix contribution in the Amide I envelope. Such effect may be explained by
assuming the formation of bridges among near collagen molecules laterally associating by
forming chain structures side by side interacting, involving Hyp residues [35], spectroscopi‐
cally mimicking β‐sheet structures [36].
These results would be consistent with the physiologic behavior of collagen and may be corre‐
lated to the changes in the structural properties of collagen fiber assembly as a consequence of
dehydration. The spectroscopic data are consistent with specific binding of water molecules
to collagen chains stabilizing the collagen triple helix by Hyp residues through intramolecu‐
lar water bridges. The difference in interfacial surface water may be the physical reason for
the hysteresis phenomena observed in water adsorption isotherms. As a consequence of the
removal of water down to water activity aw <0.40, the association of the collagen molecules
takes place and once water is restituted, the assembled fibers are no more able to re‐adsorb all
the water available during the rehydration phase. This arrangement, responsible for the lack‐
ing in the hydration recover of protein, may be considered one of the main causes of collagen
maturation and ageing.

5. Lysozyme
Lysozyme is a small globular protein shaped as an approximate ellipsoid of dimension
45 × 30 × 30 Å composed of 129 residues, acting as an enzyme causing lysis of Gram posi‐
tive bacteria by hydrolyzing the β‐(1–4) glycosidic links in the cell wall peptidoglycan [37].
Lysozymes have been isolated from a great variety of sources. Lysozyme from hen egg white
(HEWL, MW 14600) is an α + β protein with 30% helical residues and 13% β‐sheet content. As
for the majority of protein molecules, lysozyme structure and stability are largely determined
by the interaction between the protein and the aqueous surroundings [38–40]. Investigation of
the structural changes occurring during the change in the activity of water was important for
understanding the mechanism of this interaction. In particular, Careri et al. [41] suggested a
connection between the water‐induced onset of enzymatic activity and some water triggered
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physical properties of the protein system, i.e., heat capacity, diamagnetic susceptibility, IR
absorption, percolation threshold for proton conduction, recognizing that the hydration
threshold for lysozyme, occurred at 0.22 g of water/g of protein.
5.1. Hydration structure of lysozyme: FTIR spectroscopy and water sorption isotherms
Lysozyme from hen egg white was used without further chemical purification and submitted
to FTIR investigation following the experimental method above described (Section 3.2). The
solvent architecture around the protein was correlated to the macromolecule conformation by
means of two different procedures:
By monitoring secondary structure from the inspection of the changes occurring both in
Amide I and Amide III features by changing the protein hydration level. Amide I band analy‐
sis in fact suffers from the extensive overlap of the underlying water H–O–H bending band,
lying in close proximity (~1645 cm−1), the line broadening making quantitation arduous. The
secondary structure assignments can be reinforced by taking into account Amide III, attrib‐
uted to N–H deformation coupled with the C–N stretching motion and ranging in the wave
number region 1220–1340 cm−1. It occurs out of any water absorption region and its behav‐
ior, monitored along secondary structure changes of the protein, may be correlated with the
changes suffered by the enzyme structure to provide a consistent picture of the hydrated
protein conformational properties [8].
By studying the evolution of the broad ν(OH) feature along the protein hydration and dehy‐
dration processes. The OH stretching bands, recorded at each activity value, were decomposed
into three Gaussian components, corresponding to the three main water fractions hydrating
lysozyme, different in structure and clustering order. By appropriate analysis of the data, sorp‐
tion isotherm curves were built, able to provide information on relationship between the water
content and the different protein structural features. The water amount bound to Lysozyme
was deduced from the ν(OH) band area after subtraction of the spectrum of the “dry” sample.
Figure 7A and B shows ν(OH) bands recorded for the protein prepared at different hydration
degree along the dehydration and the rehydration runs.

Figure 7. OH stretching bands measured for lysozyme along dehydration (A) and rehydration (B) treatments between
aw = 0.97 and aw = 0.06.
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Following the decomposition of the band in Gaussian components, three sub‐bands were
detected (Figure 8, left side): their positions and the corresponding OH···O distances, mea‐
sured for the sample at the highest hydration degree, are listed in Table 2. First component
band (I) (Figure 8A) peaking at the higher wave number (3539 cm−1) may be attributed to
surface water molecules easily adsorbed on the most external hydration layer. They show the
dangling OH vibrational frequency typical for free‐like H2O molecules at the interfaces water‐
air. The sub‐band at ν = 3315 cm−1 (II) (Figure 8B) may be related to water molecules directly
interacting with protein backbone, particularly engaged in hydrogen bonding with peptide
carbonyl moieties (C=O···W). The broadband at ν = 3008 cm−1 (III) (Figure 8C), representing
the most prevalent component, corresponds to water molecules forming the hydration shells
around the protein, interacting with neighboring adsorbed water molecules. The position of
the feature is indicative of the intermolecular hydrogen bond distances matching the average

Figure 8. Gaussian deconvolution of FTIR spectrum of lysozyme (aw = 0.84) in the ν(OH) region, by means of three
component bands (dashed areas). For each component band, the isotherm curves were plotted: black symbols represent
the desorption data and red symbols represent the adsorption data. The lines are a guide for the eye.
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characteristic lengths typical for tetrahedral ice structure but the large bandwidth reveals that
it is suffering lengthening and distortions in the distances and orientation.
Figure 8, right side, displays the isotherm curves obtained by monitoring the areas of the
three component bands as a function of the moisture of the sample, both during the sequen‐
tial decrease in the water content of the sample and during the opposite treatment, rehydra‐
tion at RT. Sub‐band I gives rise to a desorption isotherm classified as Type IV, characteristic
for the evaporation process of water at the interface water‐air. In the converse process of
condensation, the underlying liquid surface acts as to nucleate the adsorption, therefore, the
isotherm is quite different, showing the shape of a Type III curve, characteristic for coopera‐
tive interactions. The loop desorption‐adsorption gives rise to a hysteresis because evapora‐
tion and condensation do not take place as exact reverse of each other. The hysteresis effect
indicates that between aw = 0.40 and aw = 0.80, the amount of water desorbed is greater than
that adsorbed, suggesting a change or an assessment of the condensation surface, as a conse‐
quence of dehydration, until the highest moisture degree is achieved. Sub‐band III originates
a hysteresis loop as well, although the isotherm curves are not easy to be classified accord‐
ing to the literature [22]. The intermediate component (sub‐band II) reveals an anomalous
behavior reflecting an irreversible structural modification of the protein. Water desorption
describes a Type IV‐like isotherm but the adsorption branch is a flat line up to aw = 0.80,
showing a small increase for the highest hydration values attained, but unable to completely
recover the original amplitude. It notifies the inability of the macromolecule to re‐adsorb in
a reversible manner the water phase originally coordinated by the polypeptide backbone,
once desorbed.
The process can be explained by assuming that water subtraction modifies the structural
properties of the macromolecule which would tend to narrow down the crevices where water
molecules were inserted, by establishing intrachain bonds difficult to reverse. As discussed
in the literature, in the absence of water, the protein molecule tends to fill the voids left by
water by adopting structures that can continuously fill the space [38]. The hysteresis effect is
confirmed by the difference in amplitude between the ν(OH) band of the native sample and
the rehydrated one after dehydration, as shown in Figure 9. The difference band centered at
ν ≈ 3300 cm−1 corresponds to the water fraction desorbed during the dehydration run and no
more re‐adsorbed during the subsequent hydration process.
In Figures 10 and 11, the spectral windows related to the two polypeptide secondary struc‐
tures, i.e., 1700–1550 cm−1 and 1300–1230 cm−1 corresponding to the Amide I and III ranges
are shown for the two samples prepared at the highest hydration degree. The Gaussian
decomposition of the native lysozyme Amide I band (Figure 10) was carried out in four major
components, in agreement with previous studies performed on lysozyme and other kinds of
proteins [42, 43]. The band fairly asymmetric and peaking at ~1656 cm−1, is mainly due to the
contribution of α‐helical structure (75%), in agreement with the literature [44]. The β‐sheet
content is lower and can be measured from the two components around 1618 and 1684 cm−1.
The component centered at 1635 cm−1 can be attributed to unordered structures.
Figure 11 displays Amide III bands for the sample at aw = 0.97 and after dehydration down
to aw = 0.06. The curve fitting analysis for lysozyme in the native hydrated form reveals three
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Figure 9. OH stretching bands measured for lysozyme at aw = 0.97, before (black curve) and after (blue curve) dehydration
at aw = 0.06. The red curve represents the difference of the two curves and the subtended area (red dashed area) can be
related to the water amount desorbed by the sample during dehydration and no more recovered along rehydration.

main sub‐bands peaked at 1338, 1320 and 1300 cm−1, which can be categorized as being α‐helical
with a total relative band strength of 40%. The relatively sharp band at 1230 cm−1 is assigned to
β sheet structure for 21% and two broadbands at 1260 and 1285 cm−1 indicate the presence of
unordered structures for 35%. Dehydration induces modifications of the bands with respect to
the spectrum of the native hydrated sample: they can be related to changes in the secondary
structure composition.

Figure 10. Amide I band deconvolution for lysozyme at aw = 0.97. The component bands can be related to the structural
contribution of α‐helix (green line), β‐sheet (blue line) and unordered (orange line) structures.
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Figure 11. Amide III band measured for lysozyme at aw = 0.97 (black line) and aw = 0.06 (pink line). The deconvolution
in Gaussian components is related to the spectrum of the sample at the higher hydration degree. The main components
band are as follows: α‐helix at 1338, 1320 and 1300 cm−1, β sheet at 1230 cm−1 and unordered structures at 1260 cm−1 and
1285 cm−1.

In Figure 12, the percentage amount of each component band corresponding to each secondary
structure element was plotted as a function of the increasing water activity aw settled in the dry box.
It appears that dehydration treatment induces small but significant conformational changes
involving the increase in the β structure fraction. Interestingly, the plot points out as the α‐helix

Figure 12. Evolution of the amount of secondary structures in lysozyme, monitored by the deconvolution of Amide III
band, along the dehydration treatment, plotted as the relative area peak Ai/Atot as a function of the activity aw. The color
code is related to component bands in Figure 11.
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portion of the protein is heavily affected by water subtraction. The two bands peaking at 1320
and 1300 cm−1, related to this conformational motif, reveal a mutual amplitude interconver‐
sion following a stepped trend, similar but specular, as a function of water content changes.
The observed effect could be related to small conformational changes, as a result of hydration
changes, involving different fractions of α‐helices which could be affected by mutual conforma‐
tional fluctuations. The observed conformational modification may be due to the change in the
orientation of two α domains monitored by the Amide III component bands. Water depriva‐
tion could affect intermolecular distances making different helix structure more or less con‐
sistent with hydrogen bond. Although this result could not be considered as definitive proof,
however, it is important in the understanding the dynamical equilibrium of protein structure,
crucial for many biological processes involving the enzyme.
The different response to hydration change of the different polypeptide regions at different
secondary structure may be interpreted on the light of the crystallographic studies revealing
relatively rigid and flexible regions in the macromolecule [45]. The interdomain dynamics
modulated by water interaction could be related to the mechanisms involving the active‐site
cleft dynamics of the protein needed for the enzymatic activity, whose onset appears over a
threshold hydration level and causing the irreversibility of functionality if a critical dehydra‐
tion threshold is exceeded [41].

6. Concluding remarks
The present study amply demonstrated the sensitivity of FTIR technique in the association of
biomacromolecule vibrational frequencies to relatively small conformational changes induced
by hydration. The critical dependence of the structural properties on the water content may be
related to the shape of isotherm curves obtained for ν(OH) component bands and in particu‐
lar to the isteretic behavior of sub‐bands. Water molecules set up very intimate interactions
with biological macromolecules. Their structural rearrangement induced by water depriva‐
tion would provide local restructuring of the molecule and modification in the exposition of
the side chain groups. The first effect, portrayed by ν(OH) stretching band, affects the second
one, monitored by changes in fingerprint characteristic features. The critical interrelations
between the hydration shell and the relative mobility of different regions of the molecule
allows considerable progresses in this field accounting for the loss of enzymatic activity and
functionality for proteins [41], phase transition in lipid assembly [10] and change in physical
properties for melanins [9], in conditions of extreme dehydration.

Author details
Maria Grazia Bridelli
Address all correspondence to: mariagrazia.bridelli@unipr.it
Department of Physics and Earth Sciences “Macedonio Melloni,” University of Parma, Parma,
Italy

Fourier Transform Infrared Spectroscopy in the Study of Hydrated Biological Macromolecules
http://dx.doi.org/10.5772/66576

References
[1] Franks F, Water: 2nd Edition. A Matrix of Life. RSC Paperbacks, Cambridge, UK; 2000.
[2] Gregory R B, editor. Protein–Solvent Interactions. New York: Dekker; 1995.
[3] Levy Y and Onuchic J N: Water mediation in protein folding and molecular recognition.
Annu. Rev. Biophys. Biomol. Struct. 2006;35:389–415.
[4] Rupley J A, Gratton E and Careri G: Water and globular proteins. Trends Biochem. Sci.
1983;8:18–22.
[5] Rupley J A and Careri G: Protein hydration and function. Adv. Protein Chem.
1991;41:37–172.
[6] Raschke T M: Water structure and interactions with protein surfaces, Curr. Opin. Struct.
Biol. 2006;16:152–159.
[7] Wernet Ph et al: The structure of the first coordination shell in liquid water, Science
2004;304:995–999.
[8] Mantsch H H, Chapman D. editors. Infrared Spectroscopy of Biomolecules. Wiley‐Liss,
Inc, New York; 1996.
[9] Bridelli M G, Crippa P R: Infrared and water sorption studies of the hydra‐
tion structure and mechanism in natural and synthetic melanin. J. Phys. Chem. B.
2010;114:9381–9390.
[10] Bridelli M G, Capelletti R, Mora C: Structural features and functional properties of water
in model DMPC membranes: thermally stimulated depolarization currents (TSDCs) and
Fourier transform infrared (FTIR) studies. J. Phys. D: Appl. Phys. 2013;46:485401
[11] Falk M and Ford T A: Infrared spectrum and structure of liquid water. Can. J. Chem.
1966;44:1699–1707.
[12] Auer B M, Skinner J L: IR and Raman spectra of liquid water: theory and interpretation.
J. Chem. Phys. 2008;128:224511.
[13] Brubach J B et al.: Signatures of the hydrogen bonding in the infrared bands of water. J.
Chem. Phys. 2001;122:184509.
[14] Buontempo U, Careri G, Fasella P: Hydration water of globular proteins: the infrared
band near 3300 cm−1. Biopolymers 1972;11:519–521.
[15] Onori G, Santucci A, IR investigations of water structure in aerosol OT reverse micellar
aggregates. J. Phys. Chem. 1993;97:5430–5434.
[16] Mallamace F et al.: Role of the solvent in the dynamical transitions of proteins: the case
of the lysozyme‐water system. J. Chem. Phys. 2007;127:045104.
[17] Schmidt D A and Miki K: Structural correlations in liquid water: a new interpretation of
IR spectroscopy. J. Phys. Chem. A. 2007;111:10119–10122.

211

212

Fourier Transforms - High-tech Application and Current Trends

[18] Badger R M: A relation between internuclear distances and bond force constants. Chem.
J. Phys. 1934;2:128–131.
[19] Bridelli M G, Capelletti R, Maraia F, Mora C, Pirola L: Initial hydration steps in lipase
studied by means of water sorption isotherms, FTIR spectroscopy and thermally stimu‐
lated depolarization currents. J. Phys. D: Appl. Phys. 2002;35:1039–1048.
[20] Atkins P and de Paula J, Physical Chemistry. 7th Edition. Oxford University Press,
Oxford, UK; 2002.
[21] Byler D M and Susi H: Examination of the secondary structure of proteins by decon‐
volved FTIR spectra. Biopolymers. 1986;25:469–487.
[22] Gregg S J, Sing K S W, Adsorption, Surface Area, and Porosity. Academic Press: New
York; 1982.
[23] Nakamoto K, Margoshes M, Rundle RE: Stretching frequencies as a function of distances
in hydrogen bonds. J. Am. Chem. Soc. 1955;77:6480–6486.
[24] Venyaminov S Yu, Prendergast F G: Water (H2O and D2O) molar absorptivity in the
1000–4000 cm−1 range and quantitative infrared spectroscopy of aqueous solutions. Anal.
Biochem. 1997;248:234.
[25] Perumal S, Antipova O, Orgel J P R O: Collagen fibril architecture, domain organiza‐
tion, and triple‐helical conformation govern its proteolysis. Proc. Natl. Acad. Sci. U S A
2008;105(8):2824–2829.
[26] Shoulders M D, Raines R T: Collagen structure and stability. Annu. Rev. Biochem.
2009;78:929–958.
[27] Kotch F W, Raines R T P: Self‐assembly of synthetic collagen triple helices. Proc. Natl.
Acad. Sci. U S A. 2006;103(9):3028–3033.
[28] Kawahara K, Nishi Y, Nakamura S, Uchiyama S, Nishiuchi Y, Nakazawa T, Ohkubo
T, and Kobayashi Y: Effect of hydration on the stability of the collagen‐like triple‐
helical structure of [4(R)‐Hydroxyprolyl‐4(R)‐hydroxyprolylglycine]. Biochemistry.
2005;44:15812–1522.
[29] Bella J, Brodsky B and Berman H M: Hydration structure of a collagen peptide. Structure.
1995;3:893–906.
[30] Bailey A J, Sims T J, Avery N C, Halligan E P: Non‐enzymic glycation of fibrous collagen:
reaction products of glucose and ribose. Biochem. J. 1995;305(Pt 2):385–390.
[31] Bailey A J, Paul R G, Knott L: Mechanisms of maturation and ageing of collagen. Mech.
Ageing Develop. 1998;106:1–56.
[32] Bai P, Phua K, Hardt T, Cernadas M, and Brodsky B: Glycation alters collagen fibril orga‐
nization. Connect. Tissue Res. 1992;28:1–12.
[33] Hoeve C A J and Tata A S: The structure of water absorbed in collagen. J. Phys. Chem.
1978;82:1660–1663.

Fourier Transform Infrared Spectroscopy in the Study of Hydrated Biological Macromolecules
http://dx.doi.org/10.5772/66576

[34] Ben‐Naim A. Molecular Theory of water and aqueous solutions. Part I: Understanding
water. World Scientific Publishing Co. Pte. Ltd., Singapore; 2010.
[35] Cameron I L, Lanctot A C and Fullerton G D: The molecular stoichiometric hydration
model (SHM) as applied to tendon/collagen, globular proteins and cells. Cell. Biol. Int.
2011;35:1205–1215.
[36] Rath A, Davidson A R, Deber C M: The Structure of “Unstructured” Regions in pep‐
tides and proteins: role of the polyproline II Helix in protein folding and recognition.
Biopolymers (Peptide Science). 2005;80:179–185.
[37] Matthews B W. In The Proteins, Neurath H & Hill R L, editors. 3rd Edition. Vol. 3: 403–
590; Academic Press, New York: 1977.
[38] Kocherbitov V, Arnebrant, and Söderman O: Lysozyme‐water interactions studied by
sorption calorimetry. J. Phys. Chem. B. 2004;108(49):19036–19042.
[39] Shah N K and Ludescher R: Influence of hydration on the internal dynamics of hen egg
white lysozyme in the dry state. Photochem. Photobiol. 1993;58(2):169–174.
[40] Bridelli M G, Capelletti R, and Vecli A: Sequential hydration‐dehydration studies of lyso‐
zyme by the thermally stimulated depolarization currents (TSDC) technique. J. Biochem.
Biophys. Methods. 1992;24:135–146.
[41] Careri G, Gratton E, Yang P H and Rupley J A: Correlation of IR spectroscopic, heat
capacity, diamagnetic susceptibility and enzymatic measurements on lysozyme pow‐
der. Nature. 1980;284:572–573.
[42] Barth A and Zscherp C: What vibrations tell us about proteins. Q. Rev. Biophys.
2002;35(4):369–430.
[43] Bridelli M G, Capelletti R: Hydration structure analysis of lysozyme amyloid fibrils
by thermally stimulated depolarization currents (TSDC) technique. Spectroscopy.
2008;22:165–176.
[44] Bramanti E, Benedetti E: Determination of the secondary structure of isomeric forms of
serum Albumin by a particular frequency deconvolution procedure applied to Fourier
transform analysis. Biopolymers. 1996;38:639–653.
[45] Madhusudan, and Vijayan M: Rigid and flexible region in lysozyme and the invariant
features in its hydration shell. Current Science (Bangalore) 1991;60(3):165–170.

213

Provisional chapter
Chapter 10

Fourier Transform Hyperspectral Imaging for Cultural
Fourier Transform Hyperspectral Imaging for Cultural
Heritage

Heritage
Massimo Zucco, Marco Pisani and Tiziana
Cavaleri
Massimo Zucco, Marco Pisani and Tiziana Cavaleri
Additional information is available at the end of the chapter

Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/66107

Abstract
Hyperspectral imaging is a technique of analysis that associates to each pixel of the image
the spectral content of the radiation coming from the scene. This content can be helpful
to recognize the chemical nature of the materials within the scene or to calculate their
colours under particular conditions. Different solutions of hyperspectral imager have
been realized with different spatial resolution, spectral resolution and range in the elec‐
tromagnetic spectrum. In particular, improving the spectral resolution allows discrimi‐
nating smaller features in the spectrum and the unambiguous detection of the absorption
bands characteristic of superficial materials. Hyperspectral imagers based on interfer‐
ometers have the advantage of having a spectral resolution that can be varied according
to the needs by changing the optical path delay of the interferometer. A spectrum for
each pixel is obtained with an algorithm based on the Fourier transform of the calibrated
interferogram. We present the results of the application of a hyperspectral imager based
on Fabry‐Perot interferometers to the field of cultural heritage. On different artworks,
the hyperspectral imager has been used for pigment recognition, for colour rendering
elaborations of the image with different light sources or standard illuminants and for
calculating the chromatic coordinates useful for specific purposes.
Keywords: hyperspectral imaging (HSI), fibre optics reflectance spectroscopy (FORS),
cultural heritage, conservation, colour rendering, Fourier transform

1. Introduction
Hyperspectral imaging (HSI) is a powerful technique of analysis where each pixel of the
image is associated with the spectral content of the radiation coming from the scene in the
spectral band of interest. Different solutions with different spectral resolutions have been
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adopted to separate the spectral content of the radiation impinging on the pixel: starting from
the three bands of the Bayer filter camera [1], to the tens of bands with fixed bandpass filters
like in the OSIRIS camera on Rosetta spacecraft [2] or hundreds or even thousands of bands
of imagers based on dispersive means with gratings or prism like on the VIRTIS camera on
Rosetta spacecraft [3]. In this work, we are interested in hyperspectral imagers based on inter‐
ferometers: an interferometer is placed in the optical system in front of the camera, and while
the optical path delay (OPD) of the interferometer is varied, the interferogram for each pixel
is acquired by the camera and the spectrum is calculated with an algorithm based on the
Fourier transform. The final attainable resolution in principle is only limited by the maximal
optical path delay of the interferometer. HSI based on Michelson interferometers have been
implemented with success in commercial instruments by Bruker [4] and Telops [5] ensuring
more than 500 bands in the infrared region and reaching a resolution of less than 1 cm−1. At
INRIM, we have realized a different concept of HSI based on Fabry‐Perot interferometer (FPI)
and we have validated it in different regions of the spectrum: in the UV [6], in the visible [7]
and in the near infrared [8] and in different applications [9].
In paragraph 2 of this chapter, we will describe the principle of the reflectance spectra calcu‐
lation based on the Fourier transform. In paragraph 3, we will show the application of this
technique to the field of cultural heritage in collaboration with Centre for Conservation and
Restoration La Venaria Reale (CCR). Reflectance spectra indeed contain information useful for
identifying pigments and dyes and thus for discriminating original and possibly superim‐
posed materials (e.g. pictorial retouching) that is one of the main aims of a diagnostic campaign
intended at preserving artworks and guiding the conservation treatment. Moreover, reflec‐
tance spectra can be used for rendering the artworks’ colour appearance under different lights
in order to choose the light source most suitable for enhancing some aesthetical aspects of the
objects, for increasing the visitors’ satisfaction, in the meantime taking into account the preven‐
tive conservation principles and the standard recommendations for lighting in museums. On
the other hand, the possibility of studying the pigments’ colour appearance can be of some
help when choosing materials for the conservation treatment. Finally, spectra can be converted
in colorimetric values for different light sources or standard illuminants useful for calculating
chromatic differences for specific purposes. Results here presented concern some real artworks
of different art periods (e.g. coffins from Ancient Egypt, Italian Renaissance polychrome art‐
works) and some mockups used as references made with known pigments and binders.

2. Fabry‐Perot hyperspectral imager
Our hyperspectral imager (HSI) is based on a Fabry‐Perot interferometer (FPI), the optical
system is represented in Figure 1 where the scene is firstly imaged in the FPI so that the trans‐
mitted intensity is modulated by the interference, and the second image is then formed on the
camera sensor by means of the relay lens.
A sequence of frames carrying the interference fringe information is acquired synchronized
with the scan of the optical path delay (OPD) between the mirrors of the FPI, from contact to the
maximal distance of the mirror. For each pixel of the image, the interferogram is extracted from
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the acquired video: as an example, we present the interferogram of a light‐emitting diode (LED)
at about 635 nm in Figure 2 where it is evident the non‐linearity of the actuators used to vary
the OPD near the contact of the mirrors. The x axis of the interferogram is calibrated by using a
laser in the optical setup. More details of the calibration technique are described in the previous
work [10]. In Figure 3, we present the calibrated, resampled and rescaled interferogram.

Figure 1. The scheme of the HSI: the FPI is inserted in an optical setup and the first image of the scene is formed in
the FPI, where it is modulated by the interference and the second image with the interference is formed on the camera
sensor. The optical path delay is changed while the image is acquired by the camera.

Figure 2. The interferogram extracted from the succession of frames of a LED at 635 nm. The x axis is the frame number.
The first points of the interferogram are missing due to the penetration depth of the mirror coating.
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Figure 3. The calibrated, resampled and rescaled interferogram from Figure 2.

The first points of the interferograms are missing due to the penetration depth of mirror coat‐
ings, and according to Fourier transform theory, they correspond to the cosine contributions
having the longest period in the spectra calculation. By inserting a bandpass filter in the opti‐
cal setup and using the information that the spectrum has to be zero in certain regions of
the electromagnetic spectrum, it is possible to find the amplitude of the missing points of
the interferogram and reconstitute the original spectrum by applying the discrete Fourier
transform (DFT) [10]. In Figure 4, we present the spectrum obtained from the DFT applied
to the calibrated interferogram in Figure 3 using the Hanning apodization function. The DFT
spectrum is expressed in the frequency domain, and the spectrum of interest is in the band
400–720 nm (416–750 THz) according to the bandpass filter. The peak of the LED is at about
472 THz, corresponding to 635 nm, and since the base of the FPI is the Airy function, and not
the cosine as in the Michelson interferometer, DFT creates the harmonics of the peak at 472
THz that decease as Rn/n, where R is the reflectance of the mirrors and n is the order of the
harmonic [11]. The interferogram in Figure 3 is obtained with a maximal OPD of about 30 µm
that corresponds to a spectral resolution of about 10 THz. The frequency interval in the spec‐
trum, as visible in the inset of Figure 4, is decreased below the spectral resolution by using the
zero padding method [10]. A phase correction has been applied to the spectrum calculation in
order to take into account the phase dispersion of the mirror coatings [11]. In the right side of
spectrum are evident the aliases of the LED peak, artefacts of the DFT. The effect of aliases on
the original spectrum is decreased by increasing the number of points per fringe and decreas‐
ing the reflectivity of the mirrors. Since the aliases of the LED peak have a phase dispersion
that is not corrected they have deformed peaks.
Once a spectrum for each pixel is calculated, all the spectral information are stored in a hyper‐
spectral cube, a three dimensional array with the spatial information of the scene on the x
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and y axis, and the spectral content on the third axis. The hyperspectral cube contains all the
spectral information that can be used for the applications of the next sections.

Figure 4. The spectrum in frequency of the LED from the interferogram of Figure 3 by applying the DFT. Harmonics
of the fundamental peak with decreasing amplitude are present. In the inset the spectrum of the LED of interest al 472
THz (635 nm).

3. Applications in cultural heritage
In the field of cultural heritage, the study of the artwork intended as physical object is very
important for knowing constitutive materials, state of preservation and degradation phenom‐
ena. It is surely helpful for taking measurements suitable for the artwork conservation during
the exposition, that is, in museums or art galleries, but also during possible conservation
treatment. Moreover, it may provide precious information about the object's history and pro‐
venience, sometimes affecting its economic value.
This study normally implies the development of a diagnostic campaign through different
analytical techniques, from the so‐called imaging techniques to the punctual—noninvasive or
micro‐invasive, destructive or not destructive—chemical analyses. The main aims are to map
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and chemically identify in the artwork both the original materials, with connected alteration
and degradation phenomena, and the substances possibly superimposed during past inter‐
ventions, such as pictorial retouching or inpainting.
Since the artwork is a unique piece, it has to be fully preserved and therefore the use of non‐
invasive diagnostic techniques is always preferred: on the contrary, the sample taken for
analysis has to be limited because it is inevitably an irreversible operation. Luckily, from the
interaction between artwork and radiation, many data about materials can be collected in a
completely noninvasive manner.
Going beyond the traditional multispectral analyses, where few radiation bands are used for
investigating materials, the HSI techniques represent the innovation so that they are making
inroads as diagnostic tools [12, 13]: the possibility of combining the painting’s image with the
spectral information of each pixel has evident advantages in comparison with punctual analy‐
ses. The punctual analysis corresponding to the HSI is the fibre optic reflectance spectroscopy
(FORS) [14–18]: for this reason, in the next case studies and applications, we will report the
comparison between the spectra extracted from the hyperspectral cube to the ones coming
from the spectrophotometer. In both kinds of spectra, it is possible to reveal characteristic
peaks, shoulders or absorption bands [19]; the performance of the two instruments in material
identification deeply varies depending on the wavelength range used [20, 21].
In the examples below, concerning artworks studied at CCR, FORS analyses were carried
out in the 350–1000 nm band with 0.5 nm spectral resolution by means of an Ocean Optics
HR2000+ES spectrophotometer, bounded by optical fibres of 400 µm in diameter to an Ocean
Optics HL2000 halogen lamp. Spectralon© 99% was used as white reference. Measures were
acquired with a probe in 45°x/0° geometry, so following the standard illuminating/view‐
ing geometry defined by CIE (Commission Internationale de l’Eclairage) [22], on areas of fixed
dimension (approximately 3 mm in diameter).
3.1. Study of the spatial resolution of HSI
As for other imaging techniques, the application of the HSI requires to choose the right dis‐
tance between the camera and the object, an important parameter that inevitably determines
the quality of the result.
In order to evaluate the spatial resolution performance of the HSI device here discussed [23],
a small Flemish painting on copper (34 cm wide and 49 cm high, Figure 5a: “Passaggio del
Mar Rosso”, inv. 299, Musei Reali di Torino: Galleria Sabauda), characterized by crowded and
analytic composition with brilliant colours and very subtle brushes typical of the Flemish
School was chosen for the test.
Interesting points/pixel areas of the painting were thus selected from the HSI cube, even in
correspondence of very small paintbrushes, for extracting the interferogram and calculating
the reflectance spectra; FORS analyses on the same points were carried out and used as com‐
parison means for validating the results.
Placing the painting 120 cm distant from the HSI camera and illuminating the scene at 45°
angle on the right by means of a halogen lamp, as for the FORS analyses, we acquired videos
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framing about 10 cm x 10 cm painting areas. The image size is about 1000 pixel x 1000 pixel
due to the aperture of the FPI.

Figure 5. (a) Picture of the set during a hyperspectral video acquisition. (b) Main scene (numbers refer to the FORS
analyses’ measurement points); details of the painting “Passaggio del Mar Rosso” (inv. 299), Musei Reali di Torino: Galleria
Sabauda.

Without changing the camera‐object distance, we chose various scenes of the painting por‐
trayed in different views in order to analyse paintbrushes of different size: for example, the
main central scene displaying Moses (Figure 5b) has bigger homogeneous areas of paint. The
crowed scene on the left is portrayed in the background and so it presents very small brushes
(Figure 6a); the lateral scene on the right, portrayed in the foreground, has medium or small
size details (Figure 6b). Reflectance spectra were extracted from the hyperspectral cube,
attempting to select as most as possible homogeneous coloured pixel areas or paintbrushes.
The examples in Table 1, reported as blue, green, yellow, orange, red and purple, called p1,
p2, etc., are from 25 to 279 pixel areas. The smallest pixel area corresponds to a paintbrush that
is about 0.5 mm x 0.5 mm. These videos took 180 s each, spatial resolution is about 100 µm
corresponding to about 250 ppi, spectral resolution is 10 THz.
FORS analyses were performed on the same selected areas (p1, p2, etc.) to verify the reliability
of the results of the Fabry‐Perot hyperspectral device when used as diagnostic tool. Figures 7–9
report some examples: the correspondence among calculated HSI and FORS spectra is evi‐
dent. In red areas of paint (p1 and p32), it is possible to recognize the flex at around 585 nm
ascribable to the red pigment cinnabar (Figure 7). In the green area (p24), spectra suggest the
presence of a green copper‐based pigment (Figure 8); in purple area (p34), spectra show the
double absorption band at around 530 and 560 nm ascribable to the use of red lake (Figure 8),
probably coming from cochineal [24, 25]. In blue areas (Figure 9), spectra acquired in two
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bands report the double absorption band at around 595 and 650 nm (p26) suggesting the pres‐
ence of the smalt pigment [26, 27].
Actually, the spectrum of the green area p24 comes from the smallest pixel area, a paintbrush
that on the painting is 0.5 mm × 0.5 mm, and so it defines the spatial resolution performance
of the HSI system: it was possible to use this HSI instrument as diagnostic tool for pigment
identification selecting areas of just 25 pixels.

Figure 6. (a) Lateral scene on the left; (b) lateral scene on the right (numbers refer to the FORS analyses’ measurement
points); details of the painting “Passaggio del Mar Rosso” (inv. 299), Musei Reali di Torino: Galleria Sabauda.

Painting detail

Selected areas

Image coordinates
X
Y

Area size
[pixel]

Area size
[mm x mm]

Main central scene (Figure 5b)

Red (p1)

325–335

775−790

176

1.1 x 1.6

Blue (p2)

122–130

990−1020

279

0.9 x 3.1

Yellow (p10)

574–580

999−1006

56

0.7 x 0.8

1131–1139

715–719

45

0.9 x 0.5

Purple (p34)

1245–1249

835–870

180

0.5 x 3.6

Green (p35)

1065–1080

588–591

64

1.6 x 0.4

Orange (p8)

317–321

288–297

50

0.5 x 1

Red (p21)

294–301

406–415

80

0.8 x 1

Green (p24)

156–160

314–318

25

0.5 x 0.5

94–103

70

0.7 x 1

Lateral scene on the left (Figure 6a) Red (p32)

Lateral scene on the right
(Figure 6b)

Graysh blue (p26) 258–264

Table 1. Description of the areas of paint selected in the details of Figures 5a, 6a and 6b.
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Figure 7. Spectral reflectance factor of the areas p1, p32 acquired by FORS (blue curves) compared to the ones calculated
from the hyperspectral cube (red curves).

Figure 8. Spectral reflectance factor of the areas p24, p34 acquired by FORS (blue curves) compared to the ones calculated
from the hyperspectral cube (red curves).

This feature will be helpful in the diagnostic investigation on Flemish, Divisionist or Pointillist
paintings that present very small paintbrushes or glazing, but also on three‐dimensional sur‐
faces that may be difficult to reach with punctual contact instruments.
3.2. Study of the pigment recognition
Here we report two important case studies where the use of HSI for the comprehension about
materials was fundamental. The first one refers to the noninvasive study of the “Croce astile”
(Museo Poldi Pezzoli, Milan), attributed to Raffaello Sanzio (1483–1520). The second one refers
to some Egyptian wooden coffins (Museo Egizio, Turin), dating back to the Third Intermediate
Period (1070–712 BC approximately).
Concerning the wooden cross, it presents polychrome areas and gold leaf gilding. Figures of
the saints are portrayed within rounded medals, one per each extreme of the cross on the front
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and on the back; mouldings of the wooden support are along the perimeter and all around
the medals (Figure 10).

Figure 9. Spectral reflectance factor of the area p26 acquired by FORS (blue curve) compared to the ones calculated from
the HS cube (red curve) in two bands (400–720 nm and 600–1000 nm) then combined together.

Because of the discontinuities of the support, the pigment identification by FORS, in
particular on some lateral details nearby the moulding, would have been complicated since
this technique normally requires putting the probe (usually of few centimetres in diameter)
in contact with the artwork surface. Therefore, the hyperspectral imaging investigation was
decisive.
Reflectance spectra extracted and calculated from the HSI cubes showed to be very helpful
for pigment identification. The comparison and the integration with other complementary
analyses, as required by an efficient diagnostic investigation, allowed the identification of the
pictorial palette used for the cross. Figure 11 reports the example showing the use of azurite in
the blue backgrounds (blue curves), red lake in the pink stoles (red curves), Sienna earth in the
brown hair (orange curves), green copper‐based pigments in the green gowns (green curves),
and ochre‐based mixtures in the representation of the skin (grey curve).
Concerning the Egyptian coffins, the hyperspectral investigation allowed the rapid identifica‐
tion of the palette and the total pigment mapping over the surface thanks to the implementation
of an algorithm built for recognizing similar reflectance spectra within the hyperspectral cube.
As known, paints of the same hue can have different saturation levels due to various factors,
such as different amount of white pigment in the mixture or differences in the state of preserva‐
tion. Therefore, the resulting reflectance spectra may change even if the main “coloured” pig‐
ment is the same. In fact, the possibility of identifying the pigment lies in the fact that the trend
of the reflectance curve is recognizable, since it maintains the position of the absorption bands
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fixed in the spectrum, while the percent reflectance values over the spectrum can vary more or
less uniformly. Figure 12 shows the example of two red ochre‐based mixtures containing 50%
and 90% in weight of white pigment. Converted in colorimetric coordinates expressed in the
CIELAB 1976 colour space [22], L* (lightness) increases when the paint is clearer, whereas a*
and b* (hue) components maintain approximately constant values. From 50% to 90% of white,
L* passes from 33.6 to 38.9, a* from 34.4 to 34.1 and b* from 32.7 to 31.3 (measures obtained by
a Konica Minolta CM700d colorimeter in D65, SCE and d/8° condition).

Figure 10. Hyperspectral imaging session on the wooden cross “Croce astile” attributed to Raffaello Sanzio (Museo Poldi
Pezzoli, Milan).

In imaging acquisition as in HSI, moreover, the intensity of the light source may be not so uni‐
form over the artwork, so that the reflectance spectra have a vertical scaling. Aiming at obtain‐
ing the pigment clustering and recognition from the spectrum analysis, independently of the
light intensity, a metric has to be defined in order to measure the similarity of two spectra,
represented as vectors in the vector space formed by the spectral components. A vertical scal‐
ing of the spectrum would change the length of the vectors without changing the direction in
the vector space. We consider the metric, and the closeness of two vectors, as the angle between
the two vectors using the spectral angle mapper (SAM) technique [28]. Figure 13 shows the
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false colours elaboration coming from hyperspectral cube acquired on the lid of an anthropoid
coffin (Museo Egizio, S. 05239): red and yellow ochres/earths, Egyptian blue and copper green,
commonly used in Ancient Egypt, have been identified and their distribution over the coffin
surface is highlighted by the false colours. The lower part of the figure shows the red, green,
blue (RGB) image composed of two HSI cubes and rendered for a standard illuminant (D65).

Figure 11. Details of the wooden cross “Croce astile” attributed to Raffaello Sanzio (Museo Poldi Pezzoli, Milan).
Hyperspectral images calculated for D65 illuminant and 10° standard observer, with reflectance spectrum extracted
from the HS cubes.

3.3. Study of the colour rendering
Another important advantage of the hyperspectral imaging is the possibility of using the HSI
data for colour rendering operations. This means that the RGB image of the artwork may be
calculated starting from the reflectance spectrum of each pixel, as shown previously.
If necessary, by correcting the spatial non‐uniformity (in intensity) of the illumination, it is
possible to obtain “hyperspectral images” of the artworks where each spectrum depends only
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on the pictorial material's characteristics, and it is not affected by the light source (neither the
quality, nor the intensity) used during the acquisition.

Figure 12. Reflectance spectra of red ochre‐based mixtures acquired by FORS, containing 50% in weight (blue line) and
90% in weight (red line) of white pigment (calcium carbonate).

In this way, it is possible to calculate and render the hyperspectral (HS) image for the lamp
you prefer, simply by choosing the emission spectrum for the illumination you want to simu‐
late (i.e. CIE standard illuminants, or commercial light sources, depending on the purpose).
In the conservation field, the possibility of studying how the artwork—or more generally, a
pictorial material—would appear under different illumination conditions represents a real
advantage not only for the aspects linked to the exhibition lightening but also for the choice of
pigments for conservation. In fact, the pictorial retouching and the inpainting made in labora‐
tory shall appear different outside it, losing their harmony with the original painting.
The case study of the painting “Gesù tra i dottori” attributed to Giovanni Battista Beinaschi
(1636–1688), belonging to the Castle of Racconigi (province of Cuneo, Italy), is particularly sig‐
nificant for this aspect. The surface presents many lacunae, at present filled with stucco, that
have to be inpainted at CCR. In Figure 14, we present two different details from the painting
calculated from the HSI cube, the detail on the left is acquired using a xenon lamp and rendered
with a D65 illuminant, with standard CIE 10° observer, on the right a particular acquired using
a halogen lamp and rendered with an LED4000K illuminant, with standard CIE 10° observer.
It is not so easy to find pigments “suitable” for the inpainting treatment. Light plays an impor‐
tant role, obviously, also on the in‐painting's colour appearance, and often we know very few
about the lighting system of the museum.
Based on some selected pigments and light sources, we exploited the HSI data for giving an
evaluation of the colour appearance variability. Just to make an example, Figure 15 shows
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the HSI images of two mockups, the one on the left made of copper blue (Kremer Pigmente
GmbH & Co. KG, n° 45364), the one on the right made of Zirconium Cerulean Blue (n° 45400).
Images are rendered with one halogen lamp (3000 K) and with some different, from “warm”
to “neutral” white, LED sources (LED 3000K, typical light source in art galleries or museums
simulating halogen lamp; LED 2700 K and LED 4000 K).

Figure 13. False colours hyperspectral image, portion of lid of an anthropoid coffin (Museo Egizio, Turin, inv. S. 05239),
picture of the lid (up); combination of two portions of the lid, HS image rendered for a standard illuminant (D65).
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Figure 14. Detail of the painting “Gesù tra i dottori” attributed to Giovanni Battista Beinaschi (1636–1688), belonging
to the Castle of Racconigi (province of Cuneo, Italy). (a) Image acquired using a xenon lamp and rendered with a D65
illuminant, with standard CIE 10° observer, (b) image acquired using a halogen lamp and rendered with a LED 4000K
illuminant, with standard CIE 10° observer.

Figure 15. Hyperspectral image of two mockups: copper blue in polyvinyl acetate (PVAc, left column) and in linseed oil
(right column); zirconium cerulean blue in PVAc (left column) and in linseed oil (right column). (a) Images are rendered
for the halogen 3000 K lamp, (b) the 3000K LED, (c) the 2700K LED, and (d) the 4000 K LED..

Beyond the visual comparison that would be surely affected by many factors (first of all by
the computer screen), the HSI images allows to extract the colorimetric values of the mockups
for each lamp and to find which one has the minimum chromatic variability. In this case, the
zirconium cerulean blue presents a slightly lower variability with respect to the copper blue
and relatively to the four lamps tested (Table 2).
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52.1

53.2

51.3

53.5

52.5

1.0

halogen 3000 K

LED 3000 K

LED 2700 K

LED 4000 K

Average

Standard
deviation

1.5

−28.7

−27.2

−30.7

−27.8

−29.0

b*

1.0

45.0

45.9

43.8

45.6

44.6

1.5

−22.2

−20.1

−22.4

−22.6

−23.7

Copper blue in oil
L*
a*

1.5

−25.6

−24.1

−27.6

−24.8

−26.1

b*

0.6

67.4

67.9

66.5

67.7

67.3

0.8

−20.2

−19.0

−20.8

−20.2

−20.6

1.1

−6.0

−4.9

−7.5

−5.3

−6.3

Zirconium blue in PVAc
L*
a*
b*

Table 2. Colorimetric coordinates (CIELAB 1976 colour space) of mockups reported in Figure 15.

1.7

−21.6

−19.2

−21.8

−22.0

−23.3

Copper blue in PVAc
L*
a*

MOCKUPS
D65/ 10°

0.7

56.7

57.3

55.8

57.1

56.7

0.8

−23.2

−22.0

−23.8

−23.3

−23.5

Zirconium blue in oil
L*
a*

1.3

−5.1

−3.9

−6.8

−4.4

−5.4

b*
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Obviously, only the precise knowledge of the museum lighting system, that will host the
artwork, would be the key for the right consideration about materials, to prefer in the conser‐
vation treatment. We think this example may show the system potentiality and its precious
contribution in the choice of pigments and binders for restoration and in promoting interven‐
tions that might consider not only the chemical properties of the materials but also the colour
appearance.

4. Future work
The opportunity of collecting, in very little time and in noninvasive and contactless modal‐
ity, the spectral information of the entire artwork is undoubtedly an advantage of the HSI
technique with respect to punctual analyses. When the aim is the material identification, the
wavelength range used for the investigation surely affects the system performance. In this
case, we worked in two bands, covering the range from 420 to 1000 nm, but the use of wider
ranges can surely improve the performance of the HSI for identifying also organic materials,
such as consolidating materials [29], natural polymers and resins [30], or to map paint binders
in situ [31].
Moreover, HSI offers the possibility of calculating the colours of the artwork in a more
controlled way: some attempts have been made for applying this technique to the digital
documentation of the artworks through the production of high‐quality images [32], maybe
comparable to professional photographs.
Probably the future, natural development of the hyperspectral imaging may be the integra‐
tion of the HSI in 3D acquisition systems that will solve the problem of not flat surfaces.

5. Conclusion
Hyperspectral imaging (HSI) based on a Fabry‐Perot interferometer showed to be a pow‐
erful technique of analysis in the field of cultural heritage, providing at the same time the
artwork's image and the spectral behaviour of each pixel. This has evident advantage with
respect to punctual analysis as fibre optics reflectance spectroscopy (FORS) in terms of time
spending for pigment recognition. Nevertheless, the system performance in the identifica‐
tion of materials strictly depends on the wavelength range used for the analysis: aware
of that, the most recent research is intended to enlarge the investigation range in order to
study in imaging modality specific features in particular of organic materials. Further HSI
applications were tested on the artworks at CCR for elaborating the images rendered with
different light sources or illuminants, in order to enhance particular aspects of the materi‐
als, such as for highlighting the areas with pictorial retouching. The hyperspectral data
were shown to be useful also for calculating colorimetric coordinates for different light
sources permitting a better evaluation of the pictorial materials to use in the conservation
treatment.
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Abstract
This chapter reviews some recent spectral applications of the Fourier transform techniques as they are applied in spectroscopy. An overview about Fourier transform
spectroscopy (FTS) used like a powerful and sensitive tool in medical, biological, and
biomedical analysis is provided. The advanced spectroscopic techniques of FTS, such
as Fourier transform visible spectroscopy (FTVS), Fourier transform infrared-attenuated
total reflectance (FTIR-ATR), Fourier transform infrared-photoacoustic spectroscopy
(FTIR-PAS), Fourier transform infrared imaging spectroscopy (FTIR imaging), and their
biomedical applications are described. A special attention has been paid to the description of the FTVS method of commercial quantum dots like an innovative and reliable
technique used in the field of nanobiotechnology.
Keywords: Fourier transform, Fourier transform visible spectroscopy, Fourier transform
infrared spectroscopy, biological and biomedical applications, nanobiotechnology

1. Introduction
Fourier transform (FT) represents one of the oldest and the most powerful analytical tools
in many fields such as applied mathematics, physical sciences, and engineering. Because
FT helps to describe the physical mechanism of collecting and reconstructing data, it also
becomes a priceless image-processing instrument in other areas which are related to biomedicine. The development of FT techniques pushed the utilization of the spectroscopic methods
dramatically. So, FT methods have long been proved to be extremely useful in all fields of
science and technology, such as radio-astronomy, seismology, spectroscopy crystallography,
medical image processing, and signal analysis techniques.
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Particularly, Fourier transform spectroscopy (FTS) has become an innovative, powerful, and
extra sensitive method to study biologically important systems, varying from simple molecules to highly complex samples such as living cells and tissues. These enhanced spectroscopic methods in their modern form represent an important area of research with various
applications in diverse fields of science and industry.
The main purpose of this chapter is to provide a modern review about the recent advances
on FTS technique with a wide range of medical, biological, and biomedical applications. This
chapter begins with a short history about FTS, followed by a description of the theoretical
background of FTS with emphasis of some remarkable new results of the research of the
quantum dots (QDs) based on Fourier transform visible spectroscopy (FTVS).
After a short historical presentation of the evolution of the important discoveries in the field
of the Fourier transforms, the basic ideas of the FT theory are briefly reviewed. In what follows, the power of the Fourier transforms is illustrated through new spectral applications in
medicine, biological, and biomedical areas.
In this present chapter, the Fourier transform spectroscopic techniques discussed in the
chapter and their important physical principles will be described, that is, Fourier transform
spectroscopy, such as Fourier transform visible spectroscopy, Fourier transform infraredattenuated total reflectance (FTIR-ATR), Fourier transform infrared-photoacoustic spectroscopy (FTIR-PAS), Fourier transform infrared imaging spectroscopy (FTIR imaging), and
Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS).
This review is focused on presenting new developments in FTS technique sample preparation methods, experimental conditions used in these investigations, and its useful applications in various fields of biomedical and biological research, including examples of recent
advances in the area of nanobiotechnology. Among many other various products of nanotechnology, semiconductor nanocrystals or quantum dots are useful for biomedical research
and applications.
Nanobiology, as an area of study, represents the fusion of the biological research with the
nanotechnologies such as nanodevices and nanoparticles. This combination of nanotechnology with biology has resulted in the development of diagnostic tools, contrast agents, physical therapy applications, and targeted drug delivery vehicles [1].
Nanomedicine is the medical application of nanotechnology and involves the programs for
the application of newly emerging nanotechnologies to molecular processes at the cellular
level. The applications of this area of nanoscience include drug delivery, both in vitro and
in vivo diagnostics, nutraceuticals, and production of biocompatible materials. An important
device to achieve a series of applications is the engineered nanoparticles [2].
By grouping the study into these areas of research, the general modalities in which the nanotechnology, biology, medicine, and FTS methods are brought together for common research
purposes can be noticed.
In this sense, an FTS system able to evaluate optical properties of the CdSe/ZnS core-shell
QDs, produced by Evident Technologies, is presented. So, by the use of ARCspectroHT-HR
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Fourier transform spectrometer (ARCOPTIX S.A. Switzerland), the fluorescence spectra of
QDs for two excitation sources (a UV laser and a blue LED) are discussed [3]. This study
reveals that the FTVS of commercial quantum dots is used to show that CdSe/ZnS core-shell
QDs are an example of nanomaterial that is useful such as an alternative to classical fluorochromes in order to label microbial cells.
In another research work, the FTVS is presented like a novel, rapid, and efficient technique
to provide quantitative information about the QDs, including their sizes. The use of FTVS
methodology for the size determination of CdSe/ZnS core-shell QDs can be easily extended
to other types of QDs. Some relationships between the QD size and its corresponding fluorescence average wavelength, calculated from each emission peak of the Fourier transform
spectrum, are discussed in this study [4]. The characterization of QD dimension with the help
of the FTVS is important in their preparation procedures and their applications.
The reference list contains both historical and extensive analysis works together with the articles that describe several key breakthroughs in the mentioned areas of interest.

2. Advanced applications of Fourier transform methods in spectroscopy
2.1. Historical background
Integral transforms history begins in the eighteenth century, when Jean Le Rond D’Alembert
used the overlapping of some sine functions in order to describe the oscillations of the violin
strings. In 1822, Joseph Fourier published the book entitled “Théorie analytique de la chaleur”
(“The analytical theory of heat”) [5]. After James Clerk Maxwell found the equations of the
electromagnetic field in 1873, the use of Fourier analysis became crucial for the study of the
electromagnetic waves and their harmonic components [6].
In 1954, the French mathematician Laurent Schwartz introduced a new theory of generalized
functions named distributions, using the extension of Fourier transform in the study of the
tempered distributions [7].
The FT shows a powerful time-frequency duality. This property was used in 1983 by the
American mathematician Charles Louis Fefferman in the paper entitled “The uncertainty
principle.” In his work, Fefferman deduces important results of quantum mechanics using
multidimensional Fourier approach [8].
The FT has long been proved to be extremely useful as applied to spectroscopy in all research
fields which require high resolution and high wavelength accuracy and broad tunability.
These spectroscopic methods that use the FT are considered FTS. FTS is a well-known spectroscopic method where interferograms are collected based on measurements of the coherence of
an electromagnetic radiation source in time domain or space domain and converted into the
frequency domain through FT.
A Fourier transform spectrometer is a Michelson interferometer invented by Albert A.
Michelson in 1880 [9] with a moving mirror at one arm. Using this instrument, Michelson

237

238

Fourier Transforms - High-tech Application and Current Trends

elaborated the fundamental techniques of FTS [10, 11]. The advantages of the FT spectrometers that are superior to the prism and grating ones are well known. These are the advantages
of Fellgett (an increase in a signal value of signal-to-noise ratio due to the simultaneous registration of all the spectral elements [12]), Jacquinot (a greater light efficiency at a given resolution [13]), and Connes (the accuracy of the frequency determination obtained by the control of
mirror displacements in the interferometer with a helium-neon laser [14, 15]).
Drs. J.E. Chamberlain, J.E. Gibbs, and H.A. Gebbie improved the Michelson interferometer
equipment for molecular spectroscopy used to study the experiments on ozone and in the
upper atmosphere. Their group developed the asymmetric Fourier transform spectroscopy
technique for the measurement of the refractive indices of gases, liquids, and solids [16].
In 1964, Dr. Paul L. Richards constructed a lamellar grating interferometer which is a
Michelson interferometer and proved that this instrument is a highly effective tool at low
wave numbers [17]. In 1965, the invention of the fast Fourier transform (FFT) algorithm by
J.W. Cooley and J.W. Tukey represented an important date for Fourier spectroscopy. The
Cooley-Tukey algorithm reduces the calculation time by several orders of magnitude when
compared to the classical Fourier transform [18]. In 1966, D.L. Forman published a paper that
treats the implementation of the FFT algorithm in Fourier spectroscopy [19].
Only the significant historical data for the development of the FTS technique were presented
here. The history of the field of the FTS shows the great utility of this promising and strongly
developed instrument. The FTS method rapidly developed in the last decades. FTS is an
analytic spectroscopic method with applications in astronomy, physics, physical chemistry,
chemistry, chemical engineering, optics, biology, medicine, and nanotechnology.
FTS can be applied to a broad diversity of kinds of spectroscopy such as Fourier transform
visible spectroscopy, Fourier transform infrared-attenuated total reflectance, Fourier transform infrared-photoacoustic spectroscopy, Fourier transform infrared imaging spectroscopy,
and Fourier transform ion cyclotron resonance mass spectrometry.
2.2. New applications of Fourier transform visible spectroscopy in nanobiotechnology
In this part of the chapter, the Fourier transform visible spectroscopy of commercial quantum dots is briefly presented [3]. The fluorescence spectra of QDs produced by Evident
Technologies were studied in the case of the existence of two excitation sources (a UV laser
and a blue LED) with the help of ARCspectro HT-HR Fourier transform spectrometer. Due
to the quantum confinement effect, QDs are semiconductor nanocrystals which exhibit significant optical characteristics such as high photostability, fluorescence properties with broad
absorption spectra, size-dependent narrow emission spectra, and slow excited-state decay
rates, thus leading to major breakthroughs in microbiology, molecular and cell biology, and
medical diagnostics [20–22]. Among many other various products of nanotechnology, QDs
are suitable to be used in various biological and biomedical researches as the next-generation
fluorescent probes for detection and imaging applications.
In addition to the research results mentioned above, a relevant biological application of CdSe/
ZnS core-shell QDs as microbial labeling both for pure cultures of cyanobacteria (Synechocystis
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PCC 6803) and for mixed cultures of phototrophic and heterotrophic microorganism was presented in the same paper [3]. Different semiconductor nanocrystals, such as CdSe/ZnS coreshell QDs dispersed in toluene with long-chain amine-capping agent, that were used in some
studies, which analyze the Fourier transform spectra of these QDs [3, 4], were acquired from
Evident Technologies. The QDs have the dimensions in the domain of (3–5) nm and the emission in the range (490–600) nm.
The Fourier transform spectra of QDs were studied using the experimental device shown in
Figure 1. The experimental setup comprised the sources of excitation (a blue or a UV source),
the sample (QD) containing quantum dots, the optical fiber (OF) that transmits the fluorescence signal, and the Fourier transform spectrometer which is acted by a computer [3].
ARCspectro HT-HR (ARCOPTIX S.A. Switzerland) is a Fourier transform spectrometer which
is used to record the fluorescence spectra. This static Fourier transform spectrometer is based
on the operating principle of the so-called common path polarization interferometer which
measures the coherence function of the light. The interference image, which is formed at the
output of the device, is recorded with the help of a charge-coupled device (CCD) detector
array. The light spectrum is calculated using the computer with a Fourier transform algorithm and calibration tables. The ARCspectro HT-HR shows the extraordinary advantage
which is given by the fact that the high luminosity of the system is (50–100) times greater than

Figure 1. The schematic diagram of the fluorescent emission spectroscopy system [3].
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a grating one. An advantage of this Fourier transform spectrometer, which is useful for certain
applications, is the fact that fiber and collimation optics are not absolutely necessary.
Using FTVS, the emission properties of four kinds of CdSe/ZnS core-shell QDs (0490, 0520,
0560, and 0600 Evidot fluids) were analyzed and were evaluated [3, 4]. Each of Figures 2–4
displays a Fourier transform spectrum which shows the manner in which the QDs are irradiated by the light from a NdYAG@355 nm laser or from a luminescent diode (λ = 480 nm). The
calculation of the average wavelengths from each emission peak of the spectra of QDs for two
excitation sources was reported [3, 4].
Figure 2 shows the Fourier transform spectra of the 0490 Evidot fluid, for two situations.
First situation treats the case of the enlightenment the probe with the laser light from an
NdYAG@355 nm, obtaining the fact that the maximum of the peak intensity corresponds to
an average wavelength calculated at 500 nm. The second situation presents the case where
the fluorescence wavelength, which corresponds to a maximal value of the intensity, has the
value of 511 nm, when the sample is illuminated with a luminescent diode (λ = 480 nm) [3].
For the Fourier transform spectra of the 0520 Evidot, it was observed that for UV laser excitation, the average fluorescence wavelength was 510 nm, while for the excitation with blue LED
light, the corresponding average wavelength of fluorescence was calculated at 525 nm [4].
The Fourier transform spectra of the 0560 Evidot in Figure 3 illustrate that for the illumination
with laser light, the average fluorescence wavelength was 572 nm and for the excitation with
blue LED light, the corresponding average wavelength of fluorescence was the 588 nm [3].

Figure 2. The Fourier transform spectra of CdSe/ZnS core-shell QDs of the 0490 Evidot fluid type in the case of two
excitation sources: a laser (NdYAG@355 nm) and a luminescent diode (λ = 480 nm) [3].
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Figure 3. The Fourier transform spectra of the 0560 QDs fluid in the situation of two excitation sources: a laser
(NdYAG@355 nm) and a blue LED [3].

In Figure 4, the Fourier transform spectra of the 0600 Evidot are shown. When the probe was
irradiated with the laser light, the average value of the emitted light was 614 nm and in the
case of the blue LED the average wavelength was 634 nm [3].
Figure 5 presents five Fourier transform spectra obtained in the case of a probe of 0520 Evidot
suspension with the concentration 23 ml QDs in 3 ml toluene in a quartz container for the following values of the energy emitted by the laser: 1, 3, 8, 18, and 25 mJ, respectively [3].
In this section, several important aspects of previous research studies of the author of this
chapter regarding the investigation of the optical properties of QDs and their role as fluorescent probes for different biological and medical applications using an FTVS system that helps
to study the spectral characteristics of the fluorescence emission have been revised.
Another significant research direction in this review, which must be mentioned in this study,
is the discovery of some fast and reliable methods for the determination of the QD size. Such
a method, which assists at the evaluation of the diameter of commercial CdSe/ZnS core-shell
QDs, is FTVS technique. Due to the high sensitivity and simplicity, FTVS has numerous performance advantages over conventional methods, in providing qualitative and quantitative
information about QDs, including their sizes.
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Figure 4. The Fourier transform spectra of the 0600 QDs fluid for two excitations sources that were used in the research
paper [3].

In Ref. [4], the relationship between the QD size and its calculated fluorescence average wavelength of corresponding Fourier transform spectrum is discussed. So, the dependence of the
dimension of the QDs and excitation conditions of the maxima of the fluorescence emission
were analyzed with the help of FTVS. In this research, the empirical equations that fit these
dependences aiming to elaborate a simple and trustworthy technique for the determination of
the dimension of QDs, besides conventional techniques, were obtained.
The measurements required for FTVS method were made by means of the ARCspectro
HT-HR (ARCOPTIX S.A. Switzerland) Fourier transform spectrometer. The major components of the experimental system were elaborately presented in [3, 4]. This investigation
method proposed in [4] helps to estimate the dimensions of core-shell CdSe/ZnS QDs of
a certain type and their fluorescence features which are determined by the wavelength of
each peak of fluorescence.
In Figure 6, a triplet of the fitting curves of the QD size with their emission wavelength is
represented. The fitting functions of the curves (a)–(c) from Figure 6 were built by utilization
of the interpolating polynomials from Mathematica software.
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Figure 5. Five presented smoothed Fourier transform spectra for the case of increasing values of the laser energy. The
height of the main peaks grows and the main fluorescence band considerably broadens with the increasing of the values
of the laser energy [3].

Figure 6. Sizing curves for CdSe/ZnS core-shell QDs. Solid lines (a–c) represent the fitting curves illustrated by Eqs.
(1)–(3), while the symbols used for points (circles, squares, and rhombs) on curves refer to the catalog data (curve a) and
experimental data (curves b and c) [4].

Eq. (1), which represents the fitting function of curve (a) from Figure 6 and was constructed
by fitting the known diameters, D, of CdSe/ZnS QDs versus the values of the emission wavelengths, λe , from the Evident Technologies catalog specifications, is given by
a

DCdSe/ZnS = (7.9816 × 10 −7)λe3 − (1.12216 × 10 −3)λe2 + (5.25882 × 10 −1)λe − 78.9545
a

a

a

(1)
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By fitting the known sizes of different CdSe/ZnS core-shell QDs versus the experimental
data of the emission wavelengths found in [3, 4] with the help of FTVS method for QDs
enlightened by the laser light from a NdYAG@355 nm (curve b) or by the blue LED (curve
c), the empirical fitting functions of curves (b) and (c) were obtained as can be seen in
Figure 6.
DCdSe/ZnS = (1.96547 × 10 −6)λe3 − (3.13626 × 10 −3)λe2 + (1.67384)λe − (295.338)

(2)

DCdSe/ZnS = (1.27001 × 10 −6)λe3 − (2.05218 × 10 −3)λe2 + (1.11082)λe − (198.023)

(3)

b

c

b

c

b

c

In Eqs. (2) and (3), DCdSe/ZnS (nm) denotes the diameter of the core-shell QDs and λe , λe (nm)
represent the values of the fluorescence average wavelengths, calculated from each emission
peak of the Fourier transform spectra for those two excitation sources that were used [3, 4].
b

c

It should be pointed that unlike other studies the obtained empirical formulae refer to the
whole core-shell QD diameter and comprise both the thickness of CdSe hard-core and the
thickness of ZnS shell. In Ref. [4], it has been proved that FTVS is a simple, rapid, and efficacious technique for the size evaluation of the core-shell QDs. The procedure analyzed could
be developed for the dimension determination of other fluorescent nanoparticles.
2.3. Recent applications of Fourier transform infrared spectroscopy in medical, biological,
and biomedical sphere
Fourier transform infrared spectroscopy represents a fundamental and a reliable technique,
with many potential useful applications in the area of biology and medicine, thanks to its
nonperturbative and highly sensitive features.
FTIR spectroscopic method analyzes the wavelength of the light absorbed by the probe at
certain vibrational frequencies. The spectrum produced in this way, which is peculiar for the
biological material exposed to radiation in this method, represents a “molecular fingerprint.”
More exactly, the biological materials such as carbohydrates, proteins, lipids, nucleic acids,
biomembranes, animal tissues, microbial cells, plants, and clinical samples posses unique
structures leading to the obtaining spectral fingerprints according to their functional groups,
bends, and molecular structure [22]. So, FTIR can be used to detect structural changes of individual amino acid residues, backbone peptides, binding ligands, chromophores, and internal
water molecules [23]. The application of FTIR to biological problems is continuously extending, thus evolving from the study of isolated biological molecules to the study of more sophisticated and complex systems, such as diseased tissues.
Also, FTIR is a suitable and a well-established standard technique utilized to study nanoparticles coupled with molecules in order to use them for drug delivery systems, for targeting
strategy, or for bioimaging scopes [24].
Recent methods of FTIR are Fourier transform infrared-attenuated total reflectance, Fourier
transform infrared-photoacoustic spectroscopy, Fourier transform infrared imaging spectroscopy, and Fourier transform infrared microspectrometry (FTIR microspectrometry).
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In the late 1980s and 1990s, Nauman and his collaborators [25, 26] reinsert the FTIR techniques in order to analyze in situ the bacterial cells and to identify, differentiate, and classify
bacteria [27]. Since then, FTIR spectroscopy has been proved to be a preferred and a valuable
tool for characterization and for differentiation of microorganisms. The FTIR spectra furnish
highly accurate spectroscopic fingerprints of microbial strains permitting a rapid and reliable
identification at both species and subspecies level [28].
The identification of microorganisms in a rapid and simple way is a vital task for the food
safety and quality in a processing retail, or production environment. Conventional plating,
biochemical, and serological tests represent traditional techniques that have several stages
and that can last a long period of time until the obtaining of the confirmatory results. Because
of the fact that FTIR techniques produce biochemical fingerprints of bacteria in a short period
of time, there is therefore an encouragingly large goal for study on the use of FTIR spectroscopy in the area of food microbiology.
FTIR methods combined with various chemometric analyses procedures [28–30] can be
applied to the field of medical applications, pharmaceutical industry, and food microbiology,
comprising the detection of bacteria from culture and food, discrimination between various
microbial species and strains, classification of a diversity of microorganisms at genus, species, and subspecies levels, bacteria viability analysis, characterization growth-dependent
phenomena and cell-drug interactions, investigation in situ intracellular components or structures such as inclusion bodies (IBs), storage materials, or endospores [31]. Because in biological and in medical field, protein aggregation represents an important issue encountered in the
expression of recombinant proteins in bacterial cells in the form of IBs and in some diseases,
the monitoring in vivo of the kinetics of protein aggregation in Escherichia coli within intact
cells using the FTIR spectroscopy methods constitutes a fast and a facile technique used to
acquire structural information on proteins within IBs [32].
Due to its rapidity, simplicity, and high sensitivity, FTIR spectroscopy technique can also
be utilized for the identification and differentiation of the most frequent yeast species isolated from infected human mouth/vagina, chronic disease cows, crop mycosis in chicken, and
soil contaminated with pigeon droppings [33]. Based on the research results published by
some authors, the feasibility of FTIR for identification of Candida, Cryptococcus, Trichosporon,
Rhodotorula, and Geotrichum isolated from humans and animals [33–35] has been proved.
The FTIR-attenuated total reflection technique is based on the interaction between IR light
and an absorbing sample at its interface. ATR is a specialized sampling technique where the
sample is situated in contact with an ATR crystal which has a high refractive index material. As a result of the phenomenon of total intern reflection of light produced at the interface between the ATR crystal and a sample of lower refracting index, an evanescent wave is
formed which extends into the sample. The sample absorbs at discrete IR frequencies which
leads to the attenuation of the incident IR light. Therefore, the infrared spectra of solid or liquid samples in their native state are obtained by combining ATR with FTIR [36, 37].
The release of the drugs in semisolid and solid formulations, the penetration of the drug into
artificial and biological membranes, and the influence of penetration modifiers in vivo studies
are investigated with the FTIR-ATR method [36, 38]. FTIR-ATR is utilized for the examination
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of the structure of the stratum corneum (SC) at the molecular level for the estimation of the
penetration enhancers which grow the permeation of the drugs through the human SC and
for the analysis of its lipids, proteins, and water content [36, 39].
Genistein (GEN; 4, 5, 7-trihydroxyisoflavone), which is also known as phytoestrogen because
it has similar structure with the human hormone 17β-oestradiol, represents a powerful tyrosine kinase inhibitor that has been widely utilized in order to prevent and to cure many diseases and disorders such as cardiovascular disease, osteoporosis, and cancer [39, 40]. Recent
results [40, 41] have shown that using FTIR-ATR technique helps to discover new ways for
the improvement of the transdermal transport of a lyotropic liquid crystal genistein-based
formulation (LLC-GEN). In order to increase the transdermal drug transport, LLC-GEN was
coupled with electroporation (EP). So, in Ref. [40] the synergistic effect of EP in the case of the
hairless mouse skin with the help of FTIR-ATR has been proved.
The FTIR-ATR method is among characterization techniques of surfaces used to investigate new properties of the nanomaterials for various biomedical applications including the
implant applications. In this sense, in order to investigate the interactions of nanomaterials
with biological systems such as proteins, FTIR-ATR is used to provide information about the
changes in the surface chemistry after certain nanotechnology-based chemical or physical
after treatments are applied with the aim of the contribution to the regeneration of the different tissues (such as those of bone, cartilage, vascular, and neural systems) [42, 43].
The potential of the FTIR method combined with photoacoustic spectroscopy and diffuse reflectance spectroscopy (DRS) was exploited for the applications in the detection of the fungi and
the mycotoxins which represent a severe cause of food poisoning in humans and animals.
More exactly, there are some recent studies that show the usefulness of FTIR-PAS technique
for the identification of corn kernels infected with fungi Fusarium moniliforme and Aspergillus
flavus [44].
FTIR-PAS also provides the possibility to obtain information about the drug mechanism and
the barrier function of SC in order to implement them to the biomedical and cosmetic applications [36, 45].
Recently, by coupling the FTIR techniques with imaging methods, a correlation of the biochemical information such as protein misfolding and metal homeostasis was reached, which
has resulted in understanding of the mechanism of the neurodegenerative protein misfolding
disease including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and multiple sclerosis [46, 38].
Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) represents one of
the most advanced and complex techniques of mass analysis and detection. FTICR-MS is a
powerful tool which can be utilized to find masses with high accuracy. Many applications
of FTICR-MS utilize the mass accuracy like a very important parameter in order to find the
composition of the molecules based on accurate mass. FTICR-MS has been shown to provide
important clues regarding the nontargeted metabolic profiling and functional characterization of novel genes [47, 48]. The compilation of the high mass accuracy and the ultra-highresolving power of FTICR-MS is ideal for the resolving of the analytical problems of the
complex-mixtured analyses encountered in proteomics [49, 50] and petroleomics [50, 51].
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Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI FTICR-MS) represents an emerging method which helps to analyze the biological macromolecules, like in the case of the investigation of non-covalent interactions of
proteins [52].
Electron capture dissociation (ECD) represents a relatively new technique used for the analysis of peptides and proteins and is a method utilized for inducing fragmentation in FTIR-MS
[50]. ECD combined with FTIR-MS represents a powerful and useful technique in proteomic
studies.
In some successful advanced works [51, 53], new techniques are described for the deployment
of the improved electron injection methods. So, in Ref. [53, 54] the improvement of the overlap
of ion, photon, and electron beams in the ICR ion trap is reported, using the compressed hollow electron beam injection technique.
Collision-induced dissociation (CID) and infrared multiphoton dissociation (IRMPD) are
traditional methods that are used to induce fragment spectra in tandem mass spectrometry
analyses. CID and IRMPD generate the dissociation of the peptides by breaking the backbone
amide linkages [55]. When applying ECD fragmentation technique, co- and post-translational
modifications within the peptide and protein sequence are maintained, as opposed to the
using of those two methods, namely CID and IRMPD, which may provoke dissociation of
post-translational modifications [55]. This fact is important for the application of ECD to glycosylation [56, 57], sulfation [56, 57], and phosphorylation analysis [56, 58].

3. Conclusions
This chapter represents a reference review for Fourier transform methods as they are applied
in spectroscopy. More exactly, the work concerns an overview of the current status, of the
recent achievements in FTS spectroscopy, and some selected new applications of FTS in the
medical, biological, and biomedical fields, with the emphasis on the own work done by the
author of this chapter.
The confluence of Fourier transform spectroscopy methods with nanotechnology, biology,
and medicine opens new opportunities for the detection and handling of the atoms and molecules using nanodevices, with potential for a large variety of biological and medical applications at the cellular level.
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