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Foreword by Piet van Genderen 

This book presents a wide range of issues relevant for components and circuit 
elements in microwave engineering. 

The greater part of the book is dedicated to the analysis of shielded microstrips. 
Although their complexity in fabrication is higher than conventional microstrips, 
they have definite merits in reduced electromagnetic interference, reduced crosstalk, 
and a more predictable and stable characteristics. These merits are the more impor-
tant; the higher is the level of integration of composite circuits and the higher is the 
radiofrequency. Both properties (level of integration and increasing frequency) are 
driving microwave engineering research and development. The author develops in 
great mathematical detail and rigor the properties of the quasi-TEM electromagnetic 
fields such that not only the magnitude of various components of the field can be 
computed but also important properties like dispersion and the occurrence of distinct 
wave modes. 

Additional features offered by the book concern the modelling of a variety of 
other circuit elements and methods of analyzing circuit behavior. 

While a great deal of the text is addressing the mathematics of analysis of the 
electromagnetic field of shielded microstrips, the additional support offered by the 
software package enables the reader to obtain more quantitative insight for self-
proposed architectures of these devices. The same holds for a wide variety of other 
circuit elements. This package adds to opportunities for understanding of the elec-
tromagnetic behavior of advanced and complicated structures. This is a perspective 
to welcome this modern book, authored by Dr. Cantaragiu, who is a recognized 
scholar in this domain! 

Piet van Genderen
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George Lojewski

Foreword by George Lojewski 

This book provides a relevant outlook to the challenges of electromagnetic field 
behavior in non-homogeneous media, like the shielded microstrip line. Furthermore, 
the book features a set of interactive program applications designed to help the study. 

It is a common fact that, unfortunately, as the operating frequency is pushed 
higher and higher, the performance of traditional transmission lines degrades, while 
their fabrication complexity and cost increase. A competitive solution for this 
problem is represented by the shielded microstrip lines. 

I am privileged to read in advance Dr. Cantaragiu’s new book on the dynamic 
behavior of the electromagnetic field in the shielded microstrip line, and in other 
microwave circuits. This book is a result of a very long period of author’s research 
and teaching activities. 

The author not only draws the full picture of the state of the art, but also presents 
many elements of his impressive and ingenious research progress in the investigated 
domain. 

Dr. Cantaragiu’s book is thought of as a modern, complete guide to the study of 
the dynamic behavior of electromagnetic waves in non-homogeneous media. It goes 
from theoretical background, passes through the numerical methods for solving this 
type of problem, and concludes with the presentation of some ad-hoc computer 
applications conceived to solve them. A lot of results are finally presented, referring 
especially to the case of shielded microstrip transmission lines.
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Preface 

This book aims to provide valuable insights into the challenges of electromagnetic 
field behavior in the microstrip line. It builds on a similar approach from a publica-
tion some years ago [1]. Furthermore, the book features a set of interactive program 
applications that are designed to help study the dynamic behavior of the electro-
magnetic field in the shielded microstrip line and other microwave circuits. 

This work is a summary of my experience in the microwave field throughout my 
professional career. I started working on projects and practical achievements in my 
first years as a student when I came across the first edition of Gonzales’ work [2], 
which challenged me to design microwave amplifiers using microstrip lines and S 
parameters [3–5]. 

The importance of developing rigorous mathematical models emerges from the 
fact that the optimal design of microwave devices using microstrip lines requires the 
possession of solid information regarding the propagation characteristics of the 
electromagnetic field and the configuration of all existing wave modes of the line. 

In a series of specialized works [6–12], the analysis and calculation of the 
parameters of the microstrip lines is carried out under the assumption of the quasi-
static approximation, which assumes that the fundamental mode of the propagation 
wave can be approximated with the transverse electromagnetic mode (TEM). Such 
an approach allows the readers to obtain satisfactory results solely for the values of 
the longest wavelengths in the microwave frequency range when the wavelength 
considerably exceeds the transverse dimensions of the line. The design based on the 
quasi-static approximation can be accepted when the operating frequency of the 
microwave devices is less than 3 GHz, and the substrate has a low relative dielectric 
permittivity (typically less than 6). 

Recent achievements in the microwave field require, however, the operation of 
microstrip lines at much higher frequencies, reaching hundreds of GHz, as well as 
the use of substrates with high relative permittivity [1, 3–5, 7, 13–35]. Along with 
the increase of the operation frequency, as the displacement in the field of centime-
ters and millimeters waves, the quasi-static analysis of the microstrip line produces 
increasing errors. This phenomenon is the consequence of the microstrip line’s
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dispersive character (parameters vary according to frequency) and the existence of 
higher-order wave modes in the line. Since the microstrip line is an inhomogeneous 
structure, containing two dielectric media (air and other dielectric) with different 
properties, the propagation mode is a hybrid one and cannot be associated with the 
TEM propagation mode. 

The study of the behavior of the electromagnetic field in the shielded microstrip 
line presumes the objectives below, presented in detail in the content of the book, 
are met: 

1. To deal with the real nature of the hybrid propagation modes, respectively to 
determine the components of the electromagnetic field, corresponding to the 
fundamental (energetically dominant) hybrid propagation mode, to determine 
the higher-order hybrid propagation modes, and to allow obtaining the informa-
tion about the dispersion characteristics of the line parameters. 

2. To consider the microstrip line placed inside a metal box and thus allow taking 
into account the conditions generated by electrical shielding effects. 

3. To consider, for practical reasons, the fact that the dimensions of the shielding 
box must be much larger, compared to the thickness of the dielectric medium in 
the substrate and the width of the metal strip placed between the dielectric media, 
respectively air and dielectric substrate. 

4. To use a sufficiently general method to allow obtaining some general solutions, 
which can be extended to microstrip structures with physical-geometric inhomo-
geneities of the conductors of more complex lines, due to multiple changes in 
their sizes, which are specific, in the case of resonators, filters, couplers, or 
slotline configurations and coplanar waveguides [11]. 

5. To use correct approximations, so that the accuracy of the calculations is limited 
only by the computing power and the software used; the approximations accepted 
in the specialized literature consider that the dielectric media in the microstrip 
structures are lossless and regarding the infinite conductivity of the conductor. 

The difficulties involved in developing the study of the electromagnetic field in 
the microstrip line consist, mainly, in simultaneously meeting the objectives 
established above. 

Considering the numerical approximation techniques, used to solve equations 
with partial derivatives, the works published in the specialized literature [14–18, 
36–43], dealing with the analysis of hybrid propagation modes and the dispersion 
properties of microstrip lines, can be divided into two groups located, in a manner of 
speaking, at two extremes of the known spectrum of applicability to the problems of 
electromagnetism. 

The first group concerns numerical methods preceded by significant analytical 
processing, while the second group is characterized by an extremely rudimentary 
analytical processing, and thus the entire burden is transferred upon the computa-
tional procedures available on the market. 

Among the approaches that use detailed analytical processing, those of R. Mittra 
and T. Itoh [37] stand out, due to the first application of these techniques to 
microstrip structures, which, by modifying the conventional method (which involves
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solving the Dirichlet and Neuman problems from the analyzed domain), aim to 
determine the propagation modes in the microstrip line with the support of integral 
equations and use, in this sense, a series of functions with very fast convergence. The 
work of G. I. Zysman and D. Varon [40], who approached the electrodynamic 
problem of microstrip lines with the help of the system of integral equations, 
transformed into a matrix equation, is on the same line, but, unfortunately, the 
authors of articles [37] and [40] do not provide details on how to solve systems of 
integral equations. The method most often used in electrodynamics problems is the 
Fourier method, in which the solutions of the differential equations of the electro-
magnetic field are determined in the form of a series of functions adapted to the 
microstrip structure, and partial sums of the series are used to approximate the 
solutions. G. I. Veselov, together with his team [18], presented in their work the 
results of the analysis of microstrip electrodynamic structures, without revealing, 
however, in any of the works that followed [18], how could be obtained the infinitely 
homogeneous system of equations and the manner of solving it. 

From the second mentioned group, which aims at numerical techniques often 
used in solving dynamic systems, the approaches of P. Daly [39], which uses the 
Finite Element Method, and those of J. S. Hornsby and A. Gopinath [36] are 
noteworthy; they use the Finite Difference Method and aim to meet all the above-
mentioned objectives and insist less on objectives 3 and 4. 

Divided into eight chapters, the work approaches in a logical sequence, with the 
appropriate details, the rigorous study of the electromagnetic field in the microstrip 
line and microwave circuits, and it concludes by providing examples of applications 
dedicated to the calculation of microwave circuit parameters. 

The chapters composing the book deal with the following topics: 
Chapter 1—“Study of the Electromagnetic Field from the Shielded Microstrip 

Line Using the Electrodynamic Method”—presents the steps necessary to determine 
the configuration of the hybrid propagation modes from the shielded microstrip 
transmission line and the method of adapting the selected mathematical model to 
more complicated microstrip structures, selecting in this regard the coupled 
microstrip lines. The end of the chapter summarizes the results of the analyses and 
simulations carried out using the Matlab development environment and the conclu-
sions derived therefrom. 

Chapter 2—“Study of the Electromagnetic Field from the Shielded Microstrip 
Line Using the Finite Difference Method”—presents the analysis of the electromag-
netic field using a high-performance numerical method, which was successfully used 
to solve the most complex problems of electrodynamics, and which allows the 
approximation of the equations Helmholtz in a finite number of points in the 
analyzed domain. The final section of the chapter presents the graphs of the 
components of the electromagnetic field, and through some eloquent determinations, 
the limits of the formulas used by the quasi-static method at higher microwave 
frequencies. 

Chapter 3—“Parameters of the Shielded Microstrip Line”—reviews and deter-
mines the ways of calculating the main parameters of the line, first, with the help of 
the quasi-static approximation and, later, with the help of the electrodynamic



xii Preface

analysis of the electromagnetic field. At the same time, the specific magnitudes of the 
field propagation in the shielded microstrip line are also defined. 

Chapter 4—“Circuit Elements of the Microwave Range”—is dedicated to the 
presentation of several circuit elements found in the configuration of microwave 
circuits (inductors, capacitors, resistors, resonators, transitions and excitation 
devices of transmission lines, directional couplers, dividers, and power adders), 
without targeting their exhaustion. 

Chapter 5—“Study of Microwave Circuits Using Scattering Parameters”—aims 
to offer a valid method in the field of microwave, which eliminates the difficulties 
involved in the analysis of multi-port with the help of impedance and admittance 
parameters. In the final part of the chapter, the flow diagram method is presented, 
which allows the calculation of the gain of a two-port, an essential parameter in the 
case of the analysis of active microwave circuits. 

Chapter 6—“Microwave Transistor Amplifier”—presents how the stability of an 
active microwave structure is analyzed, the calculation algorithm of narrowband 
microwave transistor amplifiers by the graph-analytical method, and other aspects 
related to the specificity the field addressed (design of match circuits, connection 
schemes, considerations for the practical implementation of amplifiers). 

In Chap. 7—“Study of Inhomogeneities of Microwave Circuits,” the foundations 
are laid for a method of calculating the structure of the electromagnetic field, in 
which the diversity and complexity of the wave modes and the multitude of 
inhomogeneities of the transmission line are considered which the configuration of 
a microwave circuit requires. 

Chapter 8—“Interactive Software Program”—issues a challenge and at the same 
time an invitation addressed especially to students to extend the suite of interactive 
applications generically named “Microwave Solutions” for the calculation of certain 
parameters of electromagnetic field distributions specific to the transistor amplifier. 
All methods were implemented using the Matlab-integrated development environ-
ment. The chapter presents, only by way of example, some concrete applications to 
illustrate the way of using the program package, and their conception in the form of a 
modular implementation facilitates the future integration into the package of other 
components, circuits, and microwave applications. 

The presentation of the appendixes, which clarify some aspects of the first two 
chapters, and the selective References complete the applied approach of the solutions 
proposed to the readers. 

I would like to express my appreciation to Springer Nature for publishing this work. 
Once again, this team has demonstrated their efficiency and professionalism. 

Words cannot express my respect and recognition to Prof. Piet van Genderen and 
Prof. George Lojewski for taking their time to review my work and providing the 
foreword. 

My deepest gratitude also goes to the Ursu spouses, respectively the late math-
ematician Felicia Ursu and the Ph.D. mathematician Ioan Ursu, for illuminating the
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challenges of mathematics, understanding, and validating the stimulating approaches 
that the microwave field immutably imposes. 

My family deserves my heartfelt gratefulness for their unwavering understanding 
and support. 
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Chapter 1 
The Study of the Electromagnetic Field 
from Shielded Microstrip Line Using 
Electrodynamic Method 

1.1 The Fundamental Equations of Electromagnetism 

The problem formulation that requires analysis aims to meet all the objectives 
outlined in the book’s Preface Chapter. It involves two main stages, respectively 
transitioning from the real object to the physical model, while the second stage 
requires the mathematical formalization of the physical model that was adopted. The 
system of linear equations, selected as a mathematical model, helps analyze the 
electromagnetic field behavior in a shielded microstrip line, contributing to the 
electrodynamic structure analysis. 

The rigorous configuration of the electromagnetic field and calculation of the 
shielded microstrip line parameters and their dispersion characteristics could be 
established using the electrodynamic analysis. 

Where does the necessity and importance of the electrodynamic analysis of the 
microstrip structure phenomena come from? 

An attempt to answer this question is presented next, but other relevant arguments 
in favor of using this approach will be revealed further in the content of this chapter. 

The behavior of dynamic systems is described by a mathematical law expressed 
in the form of a general linear system of differential equations: 

_x1 = a11x1 þ a12x2 þ⋯ þ a1nxn 
_x2 = a21x1 þ a22x2 þ⋯ þ a2nxn 
: :  : :  : :  : :  : :  :  : :  : :  :  

_xn = an1x1 þ an2x2 þ ⋯þ annxn, 

which characterize any material motion, from the vibrations of spring to the motion 
of a space shuttle. Consequently, this system of equations is used to solve vibration 
problems. Maxwell’s differential equations are used to determine the electromag-
netic field in microstrip lines due to the undulatory nature of microwave. 
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2 1 The Study of the Electromagnetic Field from Shielded Microstrip Line. . .

It is necessary to develop a mathematical model that is based on the analysis of 
the electromagnetic field in the shielded microstrip transmission line. This is because 
the physical model of the line contains certain configurations that are significantly 
different, including dielectric and conductive media with distinct electrodynamic 
properties, as well as the singularities represented by the edges of the metallic 
microstrip placed between the dielectric media (air and dielectric substrate). 

There are two coherent aspects regarding the resolution of discontinuities, as 
follow: 

– From a physical point of view, the edges are not geometrically perfect and show 
“rounding.” 

– From a mathematical point of view, the approximation methods come precisely to 
correspond to these geometric “imperfections.” 

Discontinuities in the solutions of Maxwell’s differential equations can cause 
singularities. This leads to infinite values of the energy of the electromagnetic field in 
finite space near edges of microstrip. To resolve these issues, electrodynamic 
phenomena are analyzed using approximation, convergence, and optimization 
methods. 

* *  
* 

The electromagnetic field distribution in a shielded symmetric microstrip line is 
determined using Maxwell’s equations, which are well-known in the specialized 
literature. Figure 1.1 shows the cross-sectional configuration of the shielded 
microstrip line in the x0y plane. 

The electromagnetic study of a perfect dielectric medium (linear, homogeneous, 
and isotropic) leads to the determination of an electromagnetic field, consisting of 

the electric field vector E 
→ 

and the magnetic field vector H 
→ 
, functions of point and 

time, whose propagation is studied in harmonic mode, that is [1]: 

E 
→ 
= E 

→ 
x, y, zð Þejωt , 

H 
→ 
= H 

→ 
x, y, zð Þejωt , 

where ω is the angular frequency. The field distribution law is not a function of z in 
the cross section of the shielded microstrip line. 

Fig. 1.1 Cross section of 
shielded symmetrical 
microstrip transmission line



c

d = ∂t
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Instead, the propagation along the microstrip line is a function of z and takes place 
in the form of a progressive wave: 

f zð Þ= e- γz ð1:1Þ 

The expressions E 
→ 

and H 
→ 

represent, at the same time, vectors and complex 
amplitudes of the electric and magnetic field. These fields, together with the electric 

flux density D 
→ 

and magnetic flux density B 
→ 

vectors, check Maxwell’s evolution 
equations, respectively: 

– The law of induction: 

∇× E 
→ þ ∂B 

→ 

∂t 
= 0 ð1:2aÞ 

– The law of Ampere: 

∇× H 
→ 
= J 

→ 
c þ J → 

d ð1:2bÞ 

and the state equations, respectively: 

– The law of Gauss for electric field: 

∇∙  D 
→ 
= ρv ð1:2cÞ 

– The law of Gauss for magnetic field, 

∇∙  B 
→ 
= 0 ð1:2dÞ 

where: 

– J 
→ 

is the conduction current density vector. 

– J 
→

∂D 
→ 

is the displacement current density vector. 
– ρv is the complex amplitude of the volume charge density (scalar quantity). 

The conservation equation, also called the continuity equation [1], ensures the 

connection between J 
→ 

and ρv, and is written in the form 

∇∙  J 
→ þ ∂ρv 

∂t 
= 0 ð1:3Þ



4 1 The Study of the Electromagnetic Field from Shielded Microstrip Line. . .

It is noticed that the two laws of Gauss are immediate consequences of 
Eqs. (1.2a), (1.2b) and (1.3). Perfect dielectric and perfect magnetic media verify 
the relationships 

D 
→ 
= εE 

→ 
, ð1:4aÞ 

B 
→ 
= μH 

→ 
, ð1:4bÞ 

where ε is the dielectric permittivity of the medium and μ represents its magnetic 
permeability. 

Conducting media verify Ohm’s law, respectively: 

J 
→ 

c = σ E 
→ 
, ð1:5Þ 

where σ is the conductivity of the medium. 
In vacuum, its permittivity and permeability are always constant and have the 

values 

ε0 = 
1 

36π 
10-9 F 

m 
, 

μ0 = 4 π10-7 H 
m 
, 

and 

ε0μ0c
2 
0 = 1, 

where c0 = 3 × 108 m/s and is the speed of light in a vacuum. 
If the curl operator is applied to Maxwell’s first equation of evolution, (1.2a), the 

following relation is obtained: 

∇ ×∇ × E 
→ 
= -∇ × 

∂B 
→ 

∂t 
, 

in which, if relation (1.4b) and the homogeneity property of the linear differential 
operator are considered, the following relation is obtained: 

∇ ×∇ × E 
→ 
= -

∂ 
∂t 

μ∇ × H 
→ ð1:6Þ 

Then, relation (1.2b) is introduced in the expression (1.6), in which it was 

considered that the displacement current density vector, J 
→ 

d, is much higher than



→
the conduction current density vector, J c, in the dielectric media [1], and finally, the 
following is obtained: 

1.1 The Fundamental Equations of Electromagnetism 5

∇ ×∇ × E 
→ 
= - εμ 

∂2 E 
∂t2 

: ð1:7Þ 

In relation (1.7), the double curl operator formula is used and an equation 
corresponding to the electric field vector is obtained, respectively: 

ε δð Þμ δð Þ  ∂
2 E 
→ 

∂t2
-ΔE 

→ 
= 0, ð1:8aÞ 

where Δ= ∂
2 

∂x2 þ ∂2 

∂y2 þ ∂2 

∂z2 is the Laplacian expressed in Cartesian coordinates. The 

index δ, introduced to differentiate the two domains in Fig. 1.1, has the value 1, when 
Eq. (1.8a) describes the behavior of the electric field in air, and the value 2, when the 
equation describes the behavior of the field in the dielectric medium placed under the 
metal strip. 

Analogously, the equation corresponding to the magnetic field vector is obtained, 
respectively: 

ε δð Þμ δð Þ  ∂
2 H 
→ 

∂t2
-ΔH 

→ 
= 0 ð1:8bÞ 

The wave propagation speed through the transmission line is calculated with the 
relation 

c= 
1 

ε δð Þμ δð Þ  = 
1 

ε0μ0εrδμrδ 
p , 

where εrδ and μrδ represent the relative permittivity and the relative permeability of 
the media, respectively. 

Considering Eqs. (1.2a) and (1.2b) and relations (1.3), (1.4a), (1.4b), and (1.5), 
the following is obtained: 

∇ × E 
→ þ iωμ δð ÞH 

→ 
= 0, ð1:9aÞ 

∇ × H 
→
- iωε δð Þ  E 

→ 
= J 

→ 
, ð1:9bÞ 

∇∙  J 
→
- iωρ= 0, ð1:9cÞ 

J 
→ 
= σ E 

→ 
, ð1:9dÞ 

and Eqs. (1.8a) and (1.8b) become


