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Introduction

1. Introduction

The evolution of the human society from the industrial era to the information age
has produced major changes towards the connectivity between people and human groups,
towards the speed of transmission, as well as the information content. Large scale
integration techniques, system on a chip, FPGA-urile etc. led to scale down the electronic
devices, low power consumption and increased operational speed. The study published
by IEEE International Roadmap for Devices and Systems (IRDS-2020) [1] points out the
main semiconductor based industries which experience high growth rates: Deep learning,
high performances data centers, high speed radio an fiber optic nets, IoT-uri, remote
medical systems, vehicular industry, smart houses/cities, entrainment industry etc.

All the above mentioned applications use digital systems that are integrated into high
complexity systems, which provide high processing and transmission speed of data and
information [2] and that operate in highly crowded electromagnetic medium. As a result,
the risk of these systems disrupting or being disrupted by other applications is high

1.1 Presentation of the doctoral domain

The following theological tendencies are present in the field of digital circuits and
systems: increasing the complexity of the integrated circuits, decreasing the power and
increasing the operating frequency and the transfer rate of the I/O devices. All of these
lead to an increased probability of mutual perturbation of the systems that work in an
limited area. Therefore the electromagnetic compatibility analysis in the design stage is
a necessity. The electromagnetic compatibility studies the needed conditions such as
electrical, electronic, communications, IT, command and control equipment used in
industrial, medical, research, surveillance and domestic applications, to acquire, process,
store and transfer information generate no interferences and are not affected by
neighboring systems, in a medium with specified electromagnetic parameters.

Nowadays the measurements in the field of integrated circuits are carried out till 6
GHz, and the standards as IEC 61967 [12] for emission and IEC 62132 [13] [14] for
immunity cover the bandwidth 150 kHz -1 GHz. There are proposals till 3-6 GHz, and
10-25 GHz respectively, such as GTEM (GHz — Transverse Electromagnetic Mode)
cells. On the other hand the 5G generation devices work in the bands 24,25-27,5 GHz
and 26,5 — 29,5 GHz, and 6 G can reach 100-200 GHz. This means that the current
standards has to be updated in order to over the above mentioned frequency ranges [2].

1.2 The goals of the doctoral thesis

The electromagnetic compatibility is a high complexity area, whose importance
increased in the last years due to the fast development of different types of electronic
circuits, due to the miniaturization and the growth of the integration level and of the
frequency. The information and command control signals sent between different parts
of a digital system are trapezoidal pulses. The goals of the doctoral thesis are directed to
the analysis of some aspects with regard to electromagnetic compatibility of digital
circuits and systems, as follows:
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* The analysis of the bandwidth of the trapezoidal pulses used to send information
as well as for command/control signals within digital circuits and systems.

* The modelling of some microstrip connections in order to analyze the
dependency of the reflection, transmission and coupling parameters on the lines
separation at high frequency.

* The evaluation by simulation of the reflection, transmission and coupling
parameters for a differential pair in time and frequency domains.

* The evaluation of the radiated power and radiated electric fields by via and vias
and microstrip lines, as a function of frequency (1-40 GHz).

* The study of the variation of the electromagnetic field as a function of angles and
frequency for vias and microstrip lines.

* Performing the simulation and evaluate the radiated power and radiated electric
fields as a function of frequency (1-40 GHz) by a slot.

* The modelling of a radiation source within an desktop enclosure and evaluate the
electric field transmitted outside the enclosure.

* Performing some experiments based on simulated cases.

1.3 The content of the doctoral thesis

The PhD thesis has 8 chapter and a section with references. The subject and state of
the art in the field of electromagnetic compatibility are presented in the introduction.
Likewise, the main objectives are listed and a short description of each chapter is
presented.

Chapter 2, Spectral characterization of the digital signals, is for spectral analysis of
signals transmitted within digital circuits and systems. Periodic trapezoidal pulses are
analyzed in frequency and time domains in order to determine the maximum frequency
that has to be used for electromagnetic compability pursposes.

In the next chapter, The study of the coupling between the connections among circuits
and digital systems using the electromagnetic field method, the microstrip lines are
analyzed from the perspective of interference signals that are transmitted from an active
line to a passive line arranged at a certain distance. The analyzed lines are made on
Rogers 4003 C substrate which has low losses in the analyzed frequency band. The
maximum frequency set in the previous chapter is 50 GHz.

Chapter 4, Analysis of microstrip lines fed with differential signals manufactured on
Rogers 4003 C microwave substrate, presents the main theoretical aspects of differential
lines and studies the coupling between the two lines in the case of a differential pair. The
analysis of the differential pair is performed in the case of common mode signal and
differential signal feeding.

A large part of the connections made between different digital circuits consist of vias
and microstrip line segments. Currents flowing through these connections will cause
electromagnetic interferences. In Chapter 5, Determination of radiated field by vias and
microstrip lines in digital circuits and systems, the radiation properties of these elements
are analyzed.

Chapter 6, The study of the field radiated through a slot in the ground plane and in
the case of a desktop computer, is intended to study the electromagnetic interferences
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transmitted by radiation by slots cut in the ground plane or in the case of a desktop
computer. In order to determine the radiated electromagnetic field, the distribution of the
electromagnetic field on the radiant surface is calculated.

Chapter 7, Experimental results, is intended to present the experimental results
obtained. In order to analyze the coupling between 2 and 3 microstrip lines, several PCBs
with 3, 4 and 5 microstrip lines arranged at different distances, with and without a slot in
the ground plane, were manufactured. PCBs were made on a Rogers 4003 C substrate
due to lower losses at high frequencies compared to FR4. The measurements were
performed in the band 1-40 GHz, with a vector netork analyzer, and the results were
compared with those obtained by simulations. Other measurements were performed to
determine the radiated field by a via connected to an open microstrip line or terminated
on matched load. The last part of this chapter describes the measurement configurations
and the results obtained for determining the radiated field by a slot made in the case of a
desktop computer. Chapter 8 is devoted to the conclusions and original contributions.

2. Spectral characterization of the
digital signals

The analysis of the effects of the communication channel on the transmitted signals
can be performed in the time domain, by varying the time parameters such as: duration,
repetition period, front times and amplitude, and in the frequency domain by applying
the Fourier series [18] [19] and spectrum determination (frequency and amplitude of the
spectral components). The analysis of digital signals in the frequency domain allows the
definition of the working band and the identification of some causes that lead to the
degradation of the signal in the link channel. Therefore, in this chapter the spectral
composition of rectangular and trapezoidal digital signals is studied.

Analysis of rectangular signals in the frequency domain

The transmission of information-carrying and control signals without distortion
requires knowledge of their band. This is determined by applying the Fourier series to
the analyzed signal. Note the time signal with u (t). It can be written as an infinite sum
of sinusoidal signals [21]:

u(t) = i c,e™ (2.1)

where: - #(¢)1s the complex signal, co-amplitude of the direct current component (DC)
and cp-amplitude of the spectral component with frequency nfo=n/T.

After performing the calculations, the expression of the signal u (t) becomes:
i =ULiwhy SIN(AZfot) | - sent g2 (2.5)
T T ni fyt,

For frequencies between 0 and 1/xnt; the amplitude of the spectral components is
constant, while the amplitude of the spectral components with a frequency higher than
1/nti decreases by -20 dB per decade.

n=1
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Analysis of trapezoidal signals in the frequency domain

Like any periodic signal, the trapezoidal pulse can be written as an infinite sum of
sinusoidal signals having frequencies equal to multiples of the fundamental frequency.
The determination of the spectral composition of a series of trapezoidal pulses is
performed by applying the Fourier series. The following expression is obtained for the
complex signal:

sin(nz ft, . o
U(t) U +2U Z Sln(nﬂf;) ) ( f;) f) e*]”ﬂfo(ﬁ‘*t/)e]Z/mjot ) (2.12)
T nr ft, ni fot ,

The trapezoidal pulse described by the function u(t), assuming that the front times
are equal, has a direct current component Ut/T and an infinity of harmonics with the
amplitude:

n=1

20+ Z{Sm "I, )} sin(n7 /it ) | (2.14)

nr ft, nr fotf

Since 2 functions of the form sin (x)/x appear, it results that the graph has 2 inflection
points, in which the slope varies by -20 dB per decade. The two inflection points are
given by the pulse duration and the front time. In the more general case, when the rising
and falling front times are different, 3 inflection points will appear, corresponding to the
duration and times of the front. The position of the second inflection point depends on
the front time. The trapezoidal pulses were considered to be symmetrical, therefore the
durations of the two fronts are equal. Some authors consider that the band of a periodic
trapezoidal signal is given by this inflection point [21]. There are also authors [22] who,
from the perspective of electromagnetic compatibility, consider the band to be given by
1/ts.

Determination of the maximum frequency of the harmonic useful in signal
recovery

The band of a digital signal is determined by the spectral component with the
maximum frequency, which is relevant in signal recovery. The weight of a spectral
component in the recovery of the digital signal can be determined on the basis of the
power budget or on the basis of the deviation of the recovered signal, by summing up a
finite number of spectral components, compared to the real shape.

The signal in the time domain with a frequency of fp=5 GHz, a value encountered in

n=1

computing systems, and the fill factor, ti/T, equal to %, was decomposed, using the
Fourier series, into 100 cosinusoidal signals. The determination of the spectral
component with maximum frequency that has a significant weight in signal recovery is
performed by comparing the signal obtained by summing the continuous component and
the first N harmonics with a reference signal obtained by summing the continuous
component and the first 100 harmonics.
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Figure 2.11 Periodic trapezoidal pulse with t; = 100ps, T = 200ps and t; = 10ps, redone with the first
100 harmonics (reference), with the first 7 and 9 harmonics, respectively.

The restored trapezoidal pulse with the value of direct current and the first 7,
respectively 9 spectral components is represented on figure 2.11. The maximum
amplitude variation is 6.53% for the case with 7 harmonics, respectively 5% for the first
9 harmonics. Front time increases to 16 ps for 7 harmonics and to 14 ps for 9 harmonics.
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Figure 2.12 Periodic trapezoidal pulse with t; = 100ps, T = 200ps and t; = 10ps, redone with the first
100 harmonics (reference), with the first 11 and 13harmonics, respectively.

The use of more spectral components reduces the ripple on the pulse level to 4% for
11 harmonics and to 2.66% for 13 harmonics, respectively, as can be seen in figure 2.12.
In this case the front times are approximately equal.

Using the approximate bandwidth ratio of 0,435/t results a maximum frequency of
43.5 GHz, while the use of the first 9 harmonics means a maximum frequency of 45 GHz,
respectively for 11 harmonics 55 GHz.

Determination of the spectral composition of digital pulses by simulations

The simulations were performed using different pulse parameters established based
on the working frequencies of some electronic equipment. In order to make some
comparisons, simulations were performed for periodic rectangular and trapezoidal pulses
(U=1V, =100 ps, T=200 ps si t=10 ps).

By applying the Fourier series to the signal with the parameters mentioned above, the
spectral components shown in figure 2.20 are obtained, in the range 0-50 GHz.
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Figure 2.20 Spectrum of trapezoidal pulses with the parameters:U=1V, t;=100 ps, T=200 ps si t;,=10 ps

The spectrum shown in Figure 2.20 contains both even and odd harmonics. The
spectral component with a frequency of 40 GHz has an amplitude of 60 mV (6% of the
maximum signal amplitude) and the one with 50 GHz an amplitude of 40 mV (4% of the
maximum signal amplitude). The result is:

0,4375  0,4375

=TT Hz= 43,75 GHz: (2.25)

Banda =

A

Conclusions

In this chapter, different variants of rectangular and trapezoidal pulses in the
frequency domain were analyzed, in order to determine the maximum frequency
harmonic to be taken into account in the electromagnetic compatibility analyses. The
determination of the spectral components was performed by analytical calculation and
by simulations. The results obtained indicate the weight of the number of harmonics on
the signal ripple and on the front times. The simulations showed that for n> 5, the use of
a larger number of harmonics has a greater influence on the improvement of the front
time than on the variation of the amplitude. Given the working frequencies of electronic
equipment and its increasing trend, it turns out that the maximum frequency in the
working band is in the range of 40-50 GHz.

The main contributions in this chapter relate to:

- Theoretical analysis of the band of a trapezoidal pulse and comparison of the

relations presented in the literature according to which the maximum frequency is

given by 1/nts, respectively 1/t, resulting that the relation that provides the closest

results to those obtained by simulations is 0.609 /tt.

- Determining the spectral components of some rectangular pulses, restoring the

signal with a limited number of harmonics and analyzing the influence of the number

of spectral components used in restoring the signal on the amplitude of the pulses and

on the front times.

- Performing PSpice simulations to determine the spectral components and

establishing the theoretical relationship that provides the best approximation of the

relevant maximum frequency in terms of electromagnetic compatibility.
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3. The study of the coupling
between the connections among
circuits and digital systems using
the electromagnetic field method

3.1 Introduction

Disturbing signals that reach a digital system or a device by coupling come from
several sources, which are considered independent. Therefore, the evaluation of the
coupling must be performed using the superposition (the effects produced by
independent sources are cumulated in the case of linear, passive systems) [21].

3.2 Coupling in digital systems

The characterization of the coupling between two or more circuits can be performed
using circuit methods or methods based on electromagnetic field calculation. In the first
case, an equivalent circuit of the two coupled lines is developed. The models used for the
lines must take into account the geometric structure, the input and load impedances and
allow the calculation of the voltages. A widely used model involves the approximation
of coupled lines with n sections of circuit with concentrated constants, the coupling being
described by mutual capacitances and inductances [25] [31].

Consider two coupled lines, terminated on 50 ohm impedances, as in Figure 3.3. It is
denoted by Cm, Lm coupling capacity and inductance, respectively Cpu- mutual
capacitance per unit length, L~ mutual inductance per unit length, Ru-resistance per
unit length, Gu-conductance per unit length, Ly-inductance per unit length and Cu-
capacity per unit length.

L A
y o2 /
7 Iy |1J

Figure 3.3 The region in which the signal is transmitted from the active line to the passive line is where
the voltage and current vary [11].
The total current flowing through coupling capacitors is [25]:
dUu
I.=C, — (3.2)
dt
Ic- the noise current transmitted through capacitive coupling;

tre- defined duration of 10-90% of the rising front.



Contributions regarding electromagnetic compatibility of digital circuits and systems

Cm = CmulXAx: CmMIXVthc (3 3)

The capacitive coupling current I

U
1. =C,  xvXt, ><t— =C,, xvxU (3.4)

nul
fc

v- the signal propagation speed (¢/,Je,, ); Ax - lungimea celulei; c- is the speed of light

in vaccum-3 10® m/s; e — the relative dielectric permittivity.
Inductive coupling voltage is:

dl 1
U, :LME:LW] XVXte xg =L ,xvxI (3.5)
UL — Inductive coupling voltage.
The duration of the pulse induced at the near end will be 2xtint. If the pulse rise time
applied to the active line is equal to 2xtint, then the pulse induced at the near end reaches
its maximum value, after which it begins to decrease. The saturation length (lsa) is [25]:

L Zlem X (3.6)
2 lgmf

3.3 Distribution parameters (S)

A device with two ports can be characterized by several parameters: H, Y, Z; based
on voltages and currents at the two ports (measurable quantities at low frequency) [27].
At very high frequencies a short circuit behaves like a inductance and a gap like a
parasitic capacitance. It turns out that other parameters are needed to characterize high
frequency devices. These are called the distribution parameters and are defined as
function of the incident, reflected and transmitted waves.

3.4. Coupling analysis using electromagnetic field

simulations

Since the analysis performed on FR4 in the papers presented at Comm 2020 [43] [44]
shows that the losses in this substrate are high at frequencies higher than 10 GHz, Rogers
4003 C was chosen as a microwave substrate, which has reasonable properties at
relatively low costs and a dielectric permittivity of 3.55.

In order to perform the simulations for the study of microstrip lines, a model was
built in the simulation program with the following parameters: 1L -the length of the
microstrip line-6 cm; Iw -the width of the microstrip line -3.1 mm; sh - the substrate
thickness-1.524; ch - the conductor thickness -0.035mm; sL- the substrate length - 6 cm;
sl- the substrate width -6 cm; 1d- the line separation- 1.1; 3.1; 5.1; 7.1; 9.1 mm.

The simulations were performed in a high band, 0.5-50 GHz (with a step of 0.1 and
0.5 GHz), taking into account the maximum working frequency reached as well as the
growth prospects in the near future [34]. In order to feed the two transmission lines, the
terminal type ports were used to which 1 V voltages were applied. To determine the
radiated waves, the chosen power level was ImW, the default level being 1 W. A lower
power than the default was chosen considering the experimental part, the laboratory

10
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generators ensuring a maximum level of 10 mW. The simulations were carried out using
a 50 ohms impedance as reference, so the modulus of S33 parameter in dB is:

Z —50
S, |dB] = 20log|——— (3.82)

Z. 450

0.00

-10.00

-20.00

A »“\V" '\\ | i

A A A INTA f\,"\'\' N \‘J | il j
i il
S l‘ |

witlil

-60.00

-70.00
0.00

" 10loo j j " 20000 N j j " 400 i j " 50l00

FreaGHe
Figure 3.13 The variation of the reflection parameter S33, as a function of frequency, for two microstrip
lines with different separations: 1.1; 3.1; 5.1, 7.1 and 9.1 mm.

On Figure 3.13 one can see that the separation between the two lines affects the value
of the reflection parameter S33. It reaches a maximum value of -8 dB, for dl=1.1 mm. If
the separation between the microstrip lines is increased to 3.1 mm and then to 5.1 mm;
7.1 mm and 9.1 mm the influence of the crosstalk against the input impedance of port 3
is much lower. On the same time, it can be noticed that the values of S33 for dI=5.1mm:;
7.1 mm and 9.1 mm are comparable.

0.00

-10.00 -

-20.00 -

B(S(4.3

©-30.00 -|

-40.00

-50.00
0.00

" 10lo0 T j ! " 2000 7 " 300 " j j " j j " 50l00

Fr;aq [GI—‘iz]
Figure 3.14 The variation of the transmission parameter Sy3, as a function of frequency, for two
microstrip lines with different separations: 1.1; 3.1; 5.1; 7.1 and 9.1 mm.

The transmission parameter, S43, represented on Figure 3.14, describes the ratio
between the voltages obtained at port 4 and port 3 as a function of the separation between
the lines. A frequency variable, from 0.5 GHz to 50 GHz, 1 V voltage is applied at port
3.

U
S, [dB] =20log #: (3.83)
The transmission parameter depends on the separation between the traces. If the two
lines are around one third of the line width apart (1.1 mm) then Sas3 is strongly influenced
by the passive line. It decreases till -20 dB when frequency changes from 0.5 GHz to 20
GHz, while, for frequencies between 20 GHz and 45 GHz, the values of S43 varies in the

11
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range of -20 dB to -30 dB, and then they rise to -15 dB. When the separation is the same
as the width of the microstrip line (3.1 mm), the attenuation increases proportionally with
the frequency, reaching the maximum value of -10 dB at 50 GHz. For the other
separations the curves describing the attenuation are similar, reaching a maximum value
of -8 dB at 50 GHz.

-10.00

A ""’Wm”"’w“m&"’
S & I8 : /” v

b

10/00 20'00 30100 40l00 50100
Freq [GHz]

Q.
@-50.00 ]

-60.00 {

-70.00 4

-80.00
0.00

Figure 3.15 The variation of the coupling parameter S;3, as a function of frequency, for two microstrip
lines with different separations: 1.1; 3.1; 5.1, 7.1 and 9.1 mm.

The near end coupling (Figure 3.15) signal varies, in average, between -40 dB and -
20 dB, depending on the distance between the two traces and the maximum values are
reached in the frequency range - 20-30 GHz and the curves for 7.1 and 9.1 mm
separations are very similar in shapes and the values are quite close each other. In the
frequency band 18-44 GHz the near end coupling signal is higher for 3.1 mm separation,
against 1.1 mm separation.

-70.00
0.00

10/00 20100 3000 5000
Freq [GHz]

Figure 3.16 The variation of the coupling parameter S»3, as a function of frequency, for two microstrip
lines with different separations: 1.1; 3.1; 5.1, 7.1 and 9.1 mm.

With regard to the coupling signal at the far end, port 2, Figure 3.16 shows a decrease
of the coupling as separation increases from 1.1 mm to 3.1 mm and to 5.1 mm. The
maximum value of the coupling signal for a separation of 1.1 mm is reached in the
frequency range 10-20 GHz, then it diminishes.

3.5 Conclusions

This chapter presents some of the electromagnetic compatibility issues raised by the
coupling between connections among circuits with digital systems. After a theoretical
presentation of some aspects related to the modeling of the coupling, the capacitive and
the inductive coupling, as well as the determination of the voltages at both ends of a
coupled line, the distribution parameters are used, used to characterize very high

12
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frequency circuits. In the chapter the coupling is analyzed using the electromagnetic field
method.
The simulations and practical determinations were performed on a Rogers 4003 C
substrate, which is reasonably priced and covers the 1-50 GHz band.
Own contributions in this chapter relate to:
- Modeling of two single lines made on a low loss Rogers 4003 C substrate for high
speed PCBs;
- Study with the electromagnetic field method of the variation of the parameters of
two coupled lines;
- Analysis of reflection and transmission parameters in the 1-50 GHz band,
depending on the distance between the lines (1.1; 3.1; 5.1; 7.1 and 9.1 mm);
- Study of the variation of the coupling parameters at the near and far ends in the band
1-50 GHz, depending on the distance between the lines (1.1; 3.1; 5.1; 7.1 and 9.1
mm).

4. Analysis of microstrip lines fed
with differential signals
manufactured on Rogers 4003 C
microwave substrate

4.1 Introduction

A differential pair consists of two transmission lines that have a certain level of
coupling between them. This configuration is used due to the advantages of differential
signal transmission. It involves the use of two transmission lines fed by two
complementary signals, the information being contained in the difference signal. Among
the advantages offered by the use of differential signals we can mention the robustness
to external disturbances, the generation of smaller interference signals due to the smaller
variations of the control currents and the possibility of using differential amplifiers,
which have a higher gain than the ones asymmetrically fed.

However, if the differential signals are not perfectly synchronized and common mode
components appear, they will generate electromagnetic interferences. Another
disadvantage is that the transmission of differential signals requires a double number of
conductors. Differential signals are widely used in computing system interface (SCSI)
buses, in Ethernet, in many high-power optical communication protocols, OC-48, OC-
192, 768, and in all high-speed systems. One of the most used schemes is LVDS (Low
Voltage Differential Signaling) [25].

The impedance seen by the differential signal represents the ratio between the voltage
and the current between the two lines. When differential feeding, one line is connected
to + Using, and the other to -Using. The differential voltage is 2 Using, which gives:

13
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U, 2xU, U.
Zdile"”f =— M —ox—ME —2xZ7, (4.5)

sing sing sing

where: Ising — the current on a single ended line; Using — the voltage between the signals
trace and return path in a single ended line; Zo — the characteristic impedance of a single
ended line; Zgir - the differential impedance.

Consider two microstrip lines fed by Ui, U,. The differential pair can be fed in two
ways, in phase and out of phase. If a differential line is fed in one of two modes, the
signal propagates undistorted and the modes are called even and odd. Modes are intrinsic
properties of the differential line and are used to define different feeding schemes.

The terms common and differential describe the command signals. The differential
part is given by the difference between the two signals, while the common part represents
the average of the signals. The differential signal propagates in the odd mode, while the
common signal propagates in the even mode. The terms even and odd can be used to
describe any signal.

Differential (mixed) S parameters describe the interaction of differential and common
signals with the connections.

4.2 Study of the differential pair with the
electromagnetic field method

For the differential feeding of the two microstrip lines, two “wave” type ports were
created at the two ends of the structure, the two lines being defined as differential pair.
They are fed in odd mode, with complementary voltages (with the same amplitude, but
out of phase by 180 degrees), respectively in even mode with identical voltages. The
chosen power level was 1 mW.

Analysis of reflection parameters
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Figure 4.7 Variation of the reflection parameter St (diff1, diff1), depending on the frequency, in the case
of two microstrip lines with a width of 3.1 mm for different distances between lines (1.1, 3.1; 5.1, 7, 7,
1; 9.1 mm).

The parameter St(diffl,diffl) indicates the ratio between the differential voltage
reflected at port 1 against the input differential voltage. The diagrams presented in Figure
4.7 show that for 1d= 3.1; 5.1; 7.1; 9.1 mm the values of the reflection coefficient are
less than -40 dB, and the shapes of the curves are quite similar. For a distance of 1.1 mm,
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the reflections are higher, in average with 5 dB from 0,5 to 20 GHz, and for the entire
frequency range the shape is different.

For a distance greater than or equal to 3.1 mm the level of the reflected signal is about
— 40 dB, and the distance dependence between the lines is very weak.
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Figure 4.8 Variation of the reflection parameter St (comm1, diff1), depending on the frequency, in the
case of two microstrip lines with a width of 3.1 mm for different distances between lines (1.1; 3.1, 5.1; 7;
7,1; 9.1 mm).

In the case of the differential feeding of a pair of microstrip lines, a common mode
component also appears, due to the return currents flowing through the ground plane.
From the performed simulations, presented in figure 4.8, it is found a reduced
dependence of the parameter St (comml, diffl) on the distance between the lines. It
increases with frequency, reaching about -50 dB at maximum frequency. As a result, in
the case of differential feeding, there is a difference of at least 10 dB between the
differential mode and the common mode component.

Analysis of transmission parameters

When a differential signal is applied to the input of the microstrip pair, the common
mode signal that appers propagates to port 2. The parameter by which the level of the
transmitted common mode signal is measured is St (comm?2, diffl).
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Figure 4.9 Variation of the transmission parameter St (comm2, diff1), depending on the frequency, in the
case of two microstrip lines with a width of 3.1 mm for different distances between lines (1.1; 3.1; 5.1, 7;
7,1; 9.1 mm).

On Figure 4.9 can be seen that for separations of 3.1, 5.1 and 7.1 mm the shape of
the curve are the same, with some variations within the range of 6 dB and the maximum
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value of -54 dB. For a separation between the lines of 1.1 mm the common signal ranges
between -75 dB and -65 dB, values smaller with around 10 dB for frequencies higher

than 10 GHz.
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Figure 4.10 Variation of the transmission parameterqé[’t (c;;'ffz diff1), depending on the frequency, in the
case of two microstrip lines with a width of 3.1 mm for different distances between the lines (1.1, 3.1;
5.1;7;7,1; 9.1 mm).

The parameter St (diff2, diffl), represented in figure 4.10, indicates the losses of the
differential signal when covering the distance of 60 mm. Propagation losses are
influenced by the distance between the two microstrip lines up to a frequency of 15 GHz.
At frequencies above this value the respective curves overlap. Losses also increase as the
distance between the microstrip traces increases. Curves describing losses have a local
minimum around 5 GHz.

0.00
d Curve Info
1% %Et'qu(séﬂgommZ Comm...
_0'20_, y Pdetgpqtsé&(aome Comm...
] %Etgp?(sé@[’mmz Comm...
-U 40—
£
g %Etlfpl?@é@ommz Comm...
38 i
(S{{(Comm2,Comm...
-0, 60 E,Etldp%! ity
£
o
g
¥-0.80
-1.00
S S I S S S S S S S S S S A S |
0.00 1000 2000 30/00 40000 50.00

Freq [GHz]
Figure 4.11 Variation of the transmission parameter St (comm2, comml), depending on the frequency, in

the case of two microstrip lines with a width of 3.1 mm for different distances between lines (1,1; 3,1;
51;7,1;9.1 mm).

The parameter St (comm2, comm1) in figure 4.11 indicates the attenuation of the
common signal. The simulations show a similar variation for the 5 distances between the
lines, but the curves are arranged in reverse order to the previous case, respectively the
maximum attenuations are obtained if the distance between the lines is 1.1 mm.

Determination of the differential impedance

The differential impedance represents the impedance of the two lines when two
signals with equal amplitudes are applied to their inputs, but out of phase by 180 degrees
(+1 V and -1 V). If the two lines were independent, i.e there was no coupling between
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them, the impedance in the case of differential feeding is twice the input impedance of a
single line.
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Figure 4.12 Impedance variation Z0t (diff1, diffl), qé[leplnding on the frequency, in the case of two
microstrip lines with a width of 3.1 mm for different distances between the lines (1.1; 3.1; 5.1; 7, 1 9.1
mm).

The graphs in Figure 4.12 show that the impedance is approximately constant up to
about 10 GHz, after which it increases proportionally to the frequency, with different
growth rates depending on the distance between the two microstrip lines. The simulations
performed for different values of the distance between the lines indicate that for a
separation of about 1/3 of the line width there is a very tight coupling between the two
lines that influences the value of the differential impedance. The coupling decreases with
increasing distance.

4.3 Analysis of the differential pair in the time domain

In order to analyze the operation of the differential pair in transient mode, the S
parameters determined at the frequency of 10 GHz, were saved in a Touchstone file, then
a Circuit Design project was launched. Two pulse sources were used to feed the
differential pair: Uy = 1 V and Uz = -1 V, pulse duration t;, rising edge tg, decreasing
front trg, delay-tintar.

In order to analyze the transient regime, the equivalent circuit was imported into
PSpice in the form of a user-created block, then the differential feeding scheme was made
(t=280 ps, tee =20 ps, tra =20 ps, tina=10ps).
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Figure 4.21 Variation of voltages at the input and output of the two microstrip lines fed differentially
with trapezoidal pulses lasting 280 ps and fronts 20 ps.
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Figure 4.21 shows an increase in the amplitude of the oscillations produced by the
passage through the differential line to about 40%.

For a 5 GHz clock frequency, a pulse repetition period of 100 ps and a front time of
10 ps are used (Figure 4.22 -t;=100 ps, tee =10 ps, tra =10 ps, tina=10ps).
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Figure 4.22 Variation of voltages at the input and output of the two microstrip lines fed differentially
with trapezoidal pulses lasting 100 ps and fronts 10 ps.

Figure 4.22 shows that in this case the pulse obtained at the output of the differential
line is deformed, and the maximum amplitude of the oscillations reaches 60% of the
amplitude of the pulse applied at the input.

Other problems that cause interferences in the case of a differential pair are given by
the differences in propagation times between the two lines, respectively by the different
parameters of the pulses that are applied to the input. For this purpose, pulse simulations
with different durations, different growth times and different propagation times,
respectively, were performed.

4.4 Conclusions

The differential pair has certain features related to the way it is fed with common
mode or differential signal and even and odd modes. The chapter presents the results
obtained for the mixed S parameters and the variation of the impedance when feeding
with common mode signal and differential signal. The analysis of the transient regime
can be performed with circuit methods, if the parameters L, C, G and R of the differential
pair are extracted.

Own contributions in this chapter relate to:

- Modeling of a differential pair made on a low loss Rogers 4003 C substrate for
high speed PCBs;

- Study of the variation of the parameters of the differential pair with the
electromagnetic field method in the case of differential signal and common mode
signal feeding, in the band 1-50 GHz;

- Analysis of reflection and transmission parameters in the band 1-50 GHz,
depending on the distance between the lines (1.1; 3.1; 5.1; 7.1 and 9.1 mm), when
feeding with defferential and common mode signal using mixed S parameters;
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- Analysis of the variation of the differential and common impedance in the band
1-50 GHz, depending on the distance between the lines (1.1; 3.1; 5.1; 7.1 and 9.1
mm).

- Determination of the common signal in the case of differential signal feeding
and of the differential signal in the case of common mode signal feeding in the
band 1-50 GHz, depending on the distance between the lines (1.1; 3.1; 5.1; 5.1;
7, 1 and 9.1 mm).

- Extraction of the distributed parameters (L, C, G, R), realization of the
equivalent scheme with concentrated constants and making the simulations in
the time domain for the analysis of the transient regime.

5. Determination of radiated field
by vias and microstrip lines in

digital circuits and systems
5.1 Introduction

Radiation-transmitted electromagnetic interferences become significant as the
operating frequency increases [52]. As a result, increasing the clock frequency increases
the transmission line effect on the various traces that provide the necessary connections
between different circuits arranged on a printed circuit board. Under these conditions, as
the operating frequency of digital systems increases, the electromagnetic compatibility
analyses performed at the design stage must be as accurate and detailed as possible.
Otherwise, the costs incurred in meeting electromagnetic compatibility requirements
(such as shielding, remote separation, etc.) will be much higher. Standards for
interference levels and sensitivities / immunity for different types of equipment also need
to be revised/supplemented [53]. These standards currently provide the reference levels
and the methods for measuring the electromagnetic compatibility parameters up to
frequencies between 1 and 6 GHz.

The main sources of the interferences transmitted through radiation are [25] [34]:

1. Horizontal traces made on integrated circuit boards, which ensure the
connection between different elements of the respective equipment.

2. Transitions from one layer to another. These vias are used to transmit signals
between layers, but also to transmit the ground plane or supply voltage.

3. Combinations between horizontal traces and vias [57].

4. Slots made in the ground plane. These slots are characterized by the fact that
one of the dimensions is much smaller than the other.

5. Radiant surfaces. They are characterized by the fact that the two sides have
comparable dimensions. They have the same usage as the slots, but they also appear
in the case of the housings of different electronic devices.

6. Loops made in the form of a conductive path or as slots. They can be circular,
elliptical or rectangular.
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5.2 Determination of the field radiated by a linear,
infinitesimal radiation source

Electromagnetic phenomena are described by Maxwell's equations which express the
interdependencies between the electromagnetic parameters of the environment, dielectric
permittivity, conductivity and magnetic permeability, and the quantities that characterize
the electromagnetic field, electric field strength E , magnetic field strength H , electric
induction D , magnetic induction B , and volume load (py).

It is considered that a conductor of length L is placed along the axis Oz and is fed
with a current Ipe®'. If the diameter of the conductor is denoted by d., the expression of
the current density in the cross section results:

_ G g
Ie=17)= mlij = ]Oi,dcz : (5.26)
4 4

In the remote or radiation area where the terms that depend on 1/r? and 1/r* can be
neglected in relation to those that depend on 1/r, the following relations are obtained:
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5.3 Determination of the field radiated by a via through
the ground plane

Vias through one or more layers of a Printed Circuit Board ensure the transmission
of supply voltage or other types of signals between different digital systems [63] [64].
Their frequency behavior influences the parameters of the transmitted signals, and part
of the transmitted energy is radiated into the environment around that via. In order to
determine the radiated field, different scenarios were analyzed, starting from the
hypothesis that the via is open or connected to a line segment of a certain length. The
simulations were performed in the 1-40 GHz band.

5.4 Determination of the radiated field by simulations

In order to analyze the behavior of a via, consider a Rogers 4003 C substrate plate,
with dimensions: Lm on Ox = 60 mm, Im1 on Oy = 60 mm, ht (via length) = 1,524 mm,
De (outer diameter) = 0.46 mm, Dt (via diameter) = 0.2 mm, sh (substrate thickness) =
1.524 mm, Lc (coaxial cable length) = 10 mm, lw (microstrip line width) = 3,1 mm, at
the bottom the ground plane, and the via is fed by a coaxial cable with the characteristic
impedance of 50 Q.
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Three cases were studied, namely the open via, the via connected to an open
microstrip line and the via connected to a microstrip line terminated on a load impedance
equal to 50 Q.

Determination of the field radiated by an open via

The via is fed by a coaxial cable which has the central conductor connected to the
via, and the outer conductor to the conductive surface. The power port was defined at the
other end of the coaxial cable.
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Figure 5.11 Variation of the parameter rE at different frequencies, in the band 1-40 GHz, depending on
the angle 0, for ¢ = 90".
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On the ordinate of the graph in Figure 5.11 the parameter rE is represented, the field
E being expressed in V / m, and r in m. For low frequencies, up to 5 GHz, the value of
the radiated field is very small. It increases with frequency, with small variations with
the angle 6 for £ = 10, 15 and 20 GHz. At higher frequencies the dependence of the 0
coordinate field is much stronger. At a distance of 10 cm, the largest fields, of the order
of 25 V / m, are obtained at the upper end of the band (f=35-40 GHz).
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The via is fed by a 10 mm long coaxial cable. The powers shown in Figure 5.15 do
not depend on the direction, nevertheless the angles 0 and ¢ appear in the legend because
they were used as variables in the simulations performed.

The incident power applied to the input of the via is 10 mW and is constant in the 1-
40 GHz band. The power transmitted in the via increases with frequency starting with f
= 9 GHz, approaching a maximum value of 10 mW in the upper part of the analyzed
band. The absorbed and radiated powers by via increase following a parabolic curve in
the range of 10-23 GHz, after which the radiated power remains at a value of about 4
mW, while the absorbed power continues to increase.
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Figure 5.16 Variation of the maximum radiated field as a function of frequency.

The simulation in Figure 5.16 was performed using the “Emission test” option which
allows the determination of the maximum value of the emitted field regardless of the
direction. This parameter is compared with the value set in the standard corresponding
to the field of use of the respective equipment.

Determining the radiated field of a via connected to an open microstrip line

It is considered a via from one layer to another. It is assumed that it is the fed to the
lower end by a coaxial cable, and the other end is connected to a microstrip line of length
— IL (microstrip line length = 10 mm).
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Figure 5.23 Variation of the parameter rE at different frequencies, in the band 1-40 GHz, depending on
the angle 0, for ¢ = 90°.

Figure 5.23 shows the parameter rE as a function of the angle 0 for ¢ = 90°. The
maximum value of the radiated field is 2.5 V/m and corresponds to the frequency of 20
GHz. For frequencies higher than 10 GHz, the graphs show very similar frequency
behavior, but there are large variations in the lower part of the analyzed band, at
frequencies of 1, 5 and 10 GHz.
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Figure 5.26 Variation of feeding, absorbed and radiated powers.

The via is fed with 10 mW by a coaxial cable, as shown in Figure 5.26. The absorbed
power, which depends on the input impedance of the structure, increases till a frequency
of 15 GHz (9.2 mW), with a local maximum of 3.5 mW at 10 GHz, after which it
oscillates around 6 mW. The radiated power follows the curve described by the absorbed
power untill about 20 GHz, after which it decreases to 2 mW at 40 GHz. It is observed

that the ratio between radiated and absorbed power decreases from almost 1 to 2/6.2 at
40 GHz.
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Figure 5.28 Variation of the maximum radiated field as a function of frequency.

The radiated field as a function of frequency, shown in Figure 5.28, ranges from 0
to about 6.4 V/m in the frequency band 1 to 40 GHz. The graph shows the proportionality
between the field amplitude and the frequency.

5.5 Conclusions

In the case of GHz operating frequencies, the vias from one layer to another and the
connections made on the Printed Circuit Boards become sources of radiation, the
electromagnetic energy being transmitted through the substrate and through the air to the
neighboring circuits.

The chapter determines the expressions of the fields radiated by the vias and
structures formed by horizontal vias and traces, open and connected to a load impedance.
The simulations indicate the frequency dependence of the radiated fields and are useful
for identifying measures to reduce the interference signals, such as the use of grounded
pins, making rejection filters on certain frequencies or shielding to limit the fields
transmitted through the substrate, etc.

The main contributions in this chapter are:

- Propose a theoretical model and analytically determine the radiated electromagnetic
field by an open via, a via connected to an open microstrip line and a via connected to an
matched microstrip line, in the band 1-40 GHz;

- Determining the maximum values of the radiated fields at different distances, for
the 3 radiant structures, in the band 1-40 GHz;

- Determining the radiated powers of the 3 configurations encountered in high speed
digital circuits;

- Analysis of the electric field radiated by an open via, a via connected to an open
microstrip line and a via connected to a matched microstrip line, in the band 1-40 GHz
in different directions.
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6. The study of the field radiated
through a slot cut in the ground
plane and in the case of a desktop
computer

6.1 Introduction

The Printed Circuit Boards contain several layers on which the signal and power
traces are made. Depending on the complexity of the system, there may be one or more
ground and power planes. Ground planes are made over the entire surface of the PCB or
over larger portions of it to provide low inductances for return currents and may have
slots of different sizes to secure connectors [72]. Such slots exist both on the front panel
for USBs, DVDs, and on the back panel of a desktop computer for power plugs, Internet
plugs, expansion card slots, etc. [74]. In order to analyze the frequency behavior of these
radiant structures, as well as to analyze their influence on electromagnetic compatibility,
the radiated field of a surface is studied, simulations are performed with a slot with the
sizes of a slot for an extension card and simulations are performed with a radiation source
placed inside an enclosure with conductive walls.

6.2 Radiation of a slot in a conductive surface

In order to analyze the influence that the slots cut in the walls of the enclosures used
to fix the various input and output elements, external memory, DVD, USB, CD-ROM,
power supply, etc. have, the electromagnetic behavior of a radiant surface of a certain
size is first analyzed [77]. A 20X100 mm slot has been chosen (card extension slot on
the rear panel of a desktop). The feeding of the slot was made through a port that is at a
3 ‘ certain distance from the center of the slot
: to reduce the input impedance. Figure 6.2

7 shows the distribution of the electric field
| in the slot and figure 6.4 shows the
: z —* parameter rE as a function of frequency.

Figure 6.2 The geometry of the radiant structure and the electric field distribution within the slot.
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Figure 6.4 Frequency variation of the rE parameter for a slot-card extension slot, in the 1-40 GHz band,
for0=0"and ¢ = 0°.

The amplitude of the field radiated by the slot depends on the direction, through the
angles 0=0° si $=0°, on the frequency and on the distance from the slot to the measuring
point. For 6=0° and ¢=0°, at 1 m, the radiated electric field changes between 0.1 V and
3 V. The highest values are obtained for 27.5 GHz and 34 GHz.
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Figure 6.5 Incident, absorbed and radiated powers variation for a slot-card extension slot.

Figure 6.5 shows the absorbed and radiated powers variations, depending on the
frequency, assuming that the power applied to the input is constant (10mW). From the
graph made in the simulation program, it is observed that in the range 1-12.5 GHz the
absorbed and radiated powers are approximately equal. In theory, the radiated power
should be less than or equal to the absorbed power. The fact that at some frequencies the
radiated power is slightly higher is due to the approximations made by the simulation
program. The maximum difference between the two powers is obtained at a frequency
of 4 GHz and is 0.004 mW, which represents an error of (0.0004/0.010)X100 =4%. The
radiated power decreases from 8 mW, for f = 2 and 4 GHz, to about 0 mW for f = 40
GHz. The decrease of the radiated power with frequency is explained by the fact that the
slot functions as a resonant radiant structure, the efficiency decreases as we move away
from the resonant frequency.
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6.3 Study of the field produced by an Archimedean
spiral radiation source placed inside a desktop
enclosure

This chapter examines the electromagnetic behavior of an enclosure inside which
there is a radiation source. In order to characterize the fields transmitted outside the
enclosure, in the band 1-40 GHz, an Archimedean spiral broadband radiation source it
was placed inside the enclosure (Lx- enclosure size on the axis Ox-380 mm, Ly -
enclosure size on the axis Oy-220 mm, Lz- enclosure size on the axis Oz-420 mm), which
covers a very wide frequency range and works with circular polarization. The enclosure
has 0.1 mm thick metal walls. It is considered a desktop enclosure in which a slot of size
Lfy - slot size on Oy-100 mm, Lfz - slot size on Oz-20 mm and 0.1 mm was cut. To
define the geometric structure, a rectangular reference coordinate system and two relative
reference systems were used, CS1 (x =-0.1 mm, y = 100 mm, z =20 mm) employed for
positioning the slot and CS2 (0 mm , 105 mm, 120 mm) for positioning the radiation
source. The CS2 coordinate system has the Ox and Oz axes interchanged. Graphical
representations were made in the reference coordinate system. The analyzed structure as
well as the positioning of the radiation source are presented in figure 6.13. It is observed
that the radiation source is aligned with the slot. Figure 6.15 shows the distribution of the
electric field.

=

Figure 6.13 Geometric structure analyzed.
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Figure 6.20 Variation of the parameter rE as a function of the angle 0 at f = 1 GHz, for ¢ = 0, 90 and
180 degrees.
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The electric field in Figure 6.20 is represented in the global coordinate system, in
which the angles ¢ =0, 90 and 180 degrees indicate the Ox direction towards the inside
of the box, the Oy direction in the plane of the box wall and the Ox direction towards the
outside of the box.

At a frequency of 1 GHz, figure 6.20, the maximum value of the field is 1.65 mV/m
and corresponds to the angle ¢ = 90 degrees.
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Figure 6.22 Variation of the parameter rE as a function of the angle 0 at f = 20 GHz, for ¢ = 0, 90 and
180 degrees.

The distribution of the radiated electric field changes with frequency increasing, a
fact illustrated by figure 6.22. At 20 GHz the maximum field amplitude is 1.04 V/m and
is obtained for the angle 0 equal to 70 degrees. It is noticed that towards the inside of the
enclosure and respectively in the plane of the box wall the field has smaller variations.
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Figure 6.24 Variation of the parameter vE as a function of the angle 0 at f = 40GHz, for ¢ = 0, 90 and
180 degrees.

The variation of the radiated electric field at 40 GHz is represented in figure 6.24.
The maximum amplitude of the field is 2 V/m and corresponds to an angle 0 of 70°. As
in the previous case, the radiated fields in the three analyzed cases have comparable
amplitudes.
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Figure 6.26 Variation of the feeding, absorbed and radiated power.

Figure 6.26 shows the variation of powers assuming that the radiant element inside
the enclosure is fed with a power of 0.010 W. The power with which the radiant surface
cut into the wall of the rear panel is fed is approximately 0.0028 W. Part of this power is
absorbed by the s/of and part is reflected. The radiated power is shown in red and varies
in the range 0-0.00235 W. The graph above shows that the radiated power of the
expansion card slot is low to a frequency of 3.5 GHz, then reaches two maximum,
0.00205 W at 4.5 and 5.5 GHz. Following is a frequency band between 6.5 GHz and 10.5
GHz, in which the radiated power has a lobe with a maximum value of 0.00235 W. In
the range of 11-17.5 GHz the power varies around 0.0017 W, has a minimum of 0.0004
W at 19.5 GHz and then varies around 0.0015 W to 40 GHz. Starting at f = 24.5 GHz,
there is a significant difference between the radiated power and the absorbed power.

6.4 Conclusions

The chapter presented theoretical aspects regarding the determination of the field
radiated by a slot cut in a conductive surface, which can be the ground plane of the
Printed Circuit Board, or the wall of an enclosure in which the respective digital system
operates. The fields were determined, in certain hypotheses, by analytical calculation,
but also by simulations performed with a specialized program for calculating the
electromagnetic field. The analysis of the electromagnetic compatibility in the case of
desktop enclosures must be performed from the perspective of interference transmitted
externally through various slots in the enclosure for input-output devices, power plugs
for USB plugs and extension cards. In the chapter, the fields radiated outside the
enclosure by a slot the size of an extension card slot were determined by simulation. In
the simulations performed, a radiation source such as Archimedean spiral was used,
which was placed inside the enclosure. This type of radiation source has the advantage
that it works with circular polarization, therefore it allows the excitation of some slots or
conductors randomly arranged in space.

Own contributions in this chapter relate to:

- Analytical determination of the field radiated by a slot with the dimensions of a card
extension slot with a certain distribution of the electromagnetic field on the radiant
surface, in the band 1-40 GHz;
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- Analysis of the power absorbed by the slot and the radiated one, assuming that a
power of 10 mW is applied to the input, in the band 1-40 GHz;

- Determination of the maximum radiated field at different distances depending on
the frequency, in the band 1-40 GHz;

- Determination of the radiated field at different frequencies in the band 1-40 GHz,
depending on the angle 6, measured in relation to an axis perpendicular to the plane of
the slot, for different values of the angle ¢.

- Defining a configuration consisting of a desktop enclosure with a slot in the rear
panel and an Archimedean spiral radiation source located inside the enclosure to
determine the radiated field outside the enclosure;

- Determination by simulations of the maximum radiated field outside the enclosure,
in the band 1-40 GHz;

- Determination by simulations of the maximum radiated field outside the enclosure,
in the band 1-40 GHz, in the near ficld at 10 mm and in the far field at 150 mm from
the slot;

- Analysis of the variation of the radiated electric field, at different frequencies,
depending on the angle 6, in the plane of the slot and in a plane perpendicular to it;

- Determination of the incident power on the slot, the absorbed power and the radiated
power in the 1-40 GHz band.

7. Experimental results

7.1 Coupling signal measurement

In order to compare the results obtained by simulations with those determined by
measurements, several Printed Circuit Boards with 3 traces arranged at a distance of 8.1
mm were designed. The substrate used is Rogers 4003 C, and the width was calculated
for an impedance of 50 ohms. The three combinations were made in two variants, with a
continuous ground plane and a slot in the ground plane with a width of 3 mm, arranged
perpendicular to the respective traces. Ports are numbered 1-2 for line 1, 3-4 for line 2
and 5-6 for line 3.

The simulations performed in the case of the 3 lines arranged at a distance of 2.7 trace
width from each other, with a 3 mm slot arranged perpendicular to the 3 lines in the
central area, shown in Figure 7.6, indicate an increase in the attenuation and an increase
in the coupling at the near and far ends. These variations are due to changes in the
currents in the ground plane (which bypass the respective slot) and excitation of the slot.
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Figure 7.6 Transmission and coupling parameters at near and far ends obtained by simulations for 3
microstrip lines, with slot in the ground plane and the distance between the lines of 2.7Iw.

The attenuation, S»i, no longer has a linear dependence as in the case of the
continuous ground plane, but rises sharply around the 5 GHz frequency and stays around
-10 dB to 26 GHz, then the S»; drops to -6 dB. At the same time, in the 0.7 -24 GHz
band, the S41 increases from about -25 dB to an average value of -15 dB, and the Se1 is
much larger and varies in the opposite direction compared to the case with no slot in the
ground plane, in the band 0.7-18 GHz.
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Figure 7.7 Variation of coupling parameters (S3; and Ss;) at the close ends of the 3 microstrip lines with
the distance between the lines of 2.7 lw and a slot with a width of 3 mm practiced in the central area of
the lines.
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The measured values of parameters S31 and Ss; indicate a coupling at the near ends,
between lines 1-2 and 1-3, higher than that obtained from the simulations, the difference
being of the order of decibels.
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Figure 7.8 Variation of attenuation (S2;) and coupling parameters (Sy1 and Ss;) at the far ends of the 3
microstrip lines with a line spacing of 2.7 Iw and a 3 mm wide slot in the center of the lines.

The attenuation characterized by parameter S»; is higher in the case of the measured
plate. The measured S41 has a faster variation than the one obtained by simulations, being
present 2 minimums at 9.5 GHz (-36 dB) and at 19.5 GHz (-44 dB). The curve described
by the measured Se¢1 is close to that generated by simulations, but with an additional
attenuation of about 6 dB.

7.2 Determination of the radiated field by
measurements

The measurement of the radiated field by a via, respectively by a via connected to an
open microstrip line or on an matched load, can be done by connecting a port of the
vector analyzer to a radiation source with known parameters, and the other port to the via
or the line to be characterized. The available radiation sources were a horn antenna and
2 log-periodic antennas. As a result, measurements were made using these antennas as a
reference. They partially cover the band 0.7-40 GHz, so the measurements were made
using the horn antenna as a radiation source operating up to 40 GHz. The data measured
in the horn-via/microstrip line antenna configuration were compared with those acquired
in the horn-periodic antenna-log-periodic antenna configuration.

The practical determinations were made in the case of opon and loaded, as well as a
via connected to a microstrip line.
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Figure 7.10 Variation of the transmission parameter Sz; in the horn-logperiodic antennas configuration
in the band 0.7-40 GHz.

Figure 7.10 shows the frequency behavior of this ensemble. In the 3-40 GHz band,
the average signal level decreases from -30 dB to about -65 dB. As the horn antenna has
very weak radiation properties in the band 0.7 -3 GHz, as can be seen in Figure 7.10, the
data acuired in the band 0.7-3 GHz have been removed.
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Figure 7.11 Variation of transmission parameter Sz in the horn-logperiodic antennas configuration in
the 3-40 GHz band.
If we approximate this variation with a polynomial of degree 6 the variation is from
-35 dB to -58 dB.
To analyze the influence of a via on the radiated signal, the parameter S»; of a via
connected to an open microstrip line was measured, and the results were compared with
those determined in the case of the open microstrip line.
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In the case of the structure consisting of a via connected to the microstrip line, shown
in Figure 7.16, the radiated signal varies depending on the frequency between -40 dB and

-65 dB.
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Figure 7.16 Variation of parameter Sz; in the horn antenna —via connected to an open microstrip line

configuration.

Figure 7.17 shows the difference between S»1 measured in the horn- open line
configuration and S»; measured in the horn-via and open line configuration.
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7 The difference between parameter S>; measured in open microstrip line and open via

configuration connected to a open ended line.

The influence of the via on the radiated signal can be analyzed from figure 7.17. It
can be seen that there are variations in the radiated signal of up to 26 dB (37.5 GHz).

7.3 Measurement of the radiated field outside an

enclosure
The radiation properties of a rectangular slot cut the rear panel of a desktop enclosure
were determined by measurements using a Rohde Schwarz two-channel vector analyzer
operating in the 10 MHz-40 GHz band. The distance between the radiation source and
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the receiving antenna was set to 60 cm, taking into account the power of the equipment
(maximum 8 dBm for calibration). The two antennas work with linear polarization with
the electric field vector parallel to the ground surface.

The log-periodic antennas work with linear polarization, and the excitation of the slot
was done with the electric field perpendicular to the larger dimension.

The graph in figure 7.24 shows the frequency dependence of the signal transmitted
in the free space, in the horn antenna -logperiodic antenna configuration. It is observed
that in the band 0.7-3.5 GHz the level of the transmission parameter is lower due to the
horn antenna (4-40 GHz).
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Figure 7.24 Variation of transmission parameter Sz; in the horn-logperiodic antennas configuration, in
the free space (direct).

The signal measured with the horn antenna inside the desktop enclosure has a
variation similar to that measured in the free space, however, in some frequency bands,
the differences illustrated in figure 7.25 appear.
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Figure 7.25 Variation of transmission parameter Sz in the horn-logperiodic antennas configuration,
with the horn antenna in the enclosure.
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Figure 7.26 The difference between the transmission parameters S»;, in the horn-logperiodic antennas
configuration, measured with an one antenna within the enclosure and directly.

After processing the measured data in the two configurations, in the free space and
with the horn antenna inside the enclosure, the graph from figure 7.26 was obtained.
There are 2 bands 19-20 GHz and 25.5-26.5 GHz in which the slot radiates outside the
enclosure. The first part of the graph, between 1 and 3 GHz, cannot be taken into account
due to the frequency behavior of the horn antenna. Also, in the 33-40 GHz band the very
fast variations are produced by the multiple reflections of the enclosure walls.

7.3 Conclusions

The practical experiments carried out in the doctoral thesis aimed at performing
measurements in three directions: measuring the coupling signals at the near and far ends
in the case of three microstrip lines, measuring the field radiated by open and matched
microstrip lines with a length of 60 mm, respectively the field radiated by a via and a
open line, the measurement of the radiated field through a slot cut in the rear panel of a
desktop enclosure. In order to perform the above mentioned experiments, Printed Circuit
Boards with Rogers 4003 C substrate were made, with and without a slot in the ground
plane. The practical determinations were performed for 3 microstrip lines arranged at a
distance of 2.7lw, the S parameters being determined by simulations and then by
measurements. The microstrip lines were also used to measure the radiated field. A
Rohde Schwarz vector analyzer in the 0.7-40 GHz band was used for this purpose. To
determine the field transmitted through a slot of the size of a card extension slot, a
cardboard desktop enclosure was made which was covered with foil. The radiation
source, placed inside, was connected to one port of the generator, and the receiving
antenna was connected to the other port. Log-periodic and horn antennas were used to
perform the measurements.

The main contributions in this chapter are:

- Defining the scenarios for measuring coupling, transmission and reflection
parameters, for measuring the radiated field by an open and loaded microstrip
line and by a via connected to an open line;

- Design of PCBs with and without a slot for their practical realization;
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- Performing the simulations for the 3 microstrip lines and determining all the
parameters of reflection, transmission and coupling, in the band 1-40 GHz;

- Measuring the above mentioned parameters with the help of the vector analyzer
and comparing the results obtained by simulations with the measured ones.

- Measuring radiated fields by different configurations encountered in high speed
digital circuits (1-40 GHz);

- Measuring the radiated field by a slot cut in the rear panel of a desktop computer
in the 1-40 GHz band.

8. Conclusions
8.1 Obtained results

The doctoral thesis is organized on 8 chapters and a bibliography. Chapter 1 describes
the main trends in the electronic equipment market, highlighting the orientation towards
personal use equipment, which leads to an increase in the density of applications
employed in a certain space and to an increased in risks from the perspective of
electromagnetic compatibility. The electronics industry's response to the demands of
increasing data transfer rates, diversifying applications, and ensuring mobility has
consisted of devices operating at ever higher frequencies, miniaturization of integrated
circuits, parallel processing, and voltage reduction of the power supply. This introductory
chapter also presents the objectives of the doctoral thesis and a brief description of the
thesis chapters.

Chapter 2, Spectral characterization of digital signals, is intended for the spectral
analysis of signals transmitted in digital circuits and systems. The data and
command/control signals used in digital systems are in the form of trapezoidal pulses.
Aspects of electromagnetic compatibility are intrinsically related to frequency, so in this
chapter the band of digital signals is analyzed. The determination of the maximum
frequency in the spectrum was performed both by calculus and by simulations.

Chapter 3, The study of the coupling between connections among circuits and digital
systems using the electromagnetic field method, analyzes the coupling between
connections made in microstrip technology on a low-loss substrate (Rogers 4003 C). The
coupling signals were evaluated based on the coupling parameter (S;j) at the near and far
ends. Simulations performed in the 0.5-50 GHz band indicate an increase in reflections
with frequency from about -40 dB at 0.5 GHz to -12 dB at 50 GHz.

Chapter 4, Analysis of microstrip lines fed with differential signals, made on Rogers
4003 C microwave substrate, studies the differential lines made in microstrip technology.
The analysis of the differential pair was performed in the frequency range, in the band
0.5 -50 GHz. The reflection and transmission parameters were determined by simulations
in the case of differential feeding for differential and common signals, as well as in the
case of common mode sfeeding. The last part of this chapter is dedicated to the time
domain analysis of the differential pair. For this purpose, for different frequencies, the
equivalent parameters of the line with concentrated constants were extracted based on
the simulations performed with the electromagnetic field method.
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In Chapter 5, Determining the fields radiated by vias and microstrip lines in digital
circuits and systems, the electromagnetic fields radiated by a via, a via connected to an
open microstrip line, and a via connected to a matched microstrip line are discussed. The
results obtained through simulations indicate a significant variation of the intensity of the
radiated electric field depending on the analyzed configuration and angular
coordinations.

Next chapter, The study of the field radiated through a practical slot in the ground
plane and in the case of a desktop computer, analyzes the electromagnetic interference
transmitted by radiation by slots cut in the ground plane or in the housing of a desktop
computer. In the first part of the chapter the relations for the radiated electric field are
determined, in the hypothesis that on the slot there is a certain distribution of the
electromagnetic field. The next section of this chapter determines by simulations the
radiated electric field, highlighting its dependence on frequency and angular coordinates.
The last part of Chapter 6 is dedicated to the analysis of the field radiated by a slot, having
the size of a slot for an extension card, cut in the case of a desktop computer.

Chapter 7, Experimental Results, describes the practical experiments performed to
determine the coupling between 2 and 3 transmission lines, with and without a slot in the
ground plane. Also, the fields radiated by different connection configurations that ensure
the transmission of signals in digital systems have been determined. The last part of this
chapter is dedicated to the study of the electromagnetic field transmitted through a slot
outside to a metal desktop enclosure, inside which there is a radiation source. The
measurements were performed with a vector analyzer, in the band 1-40 GHz, and the
results are presented in graphical form and compared with those determined by direct
measurements. The latter were used as a reference, as there are no articles in the literature
with similar experiments.

The next chapter, Conclusions, presents in a shortly the results obtained in the doctoral
thesis, the original contributions, the published works and the directions of further
development.

8.2 Original contributions

The main contributions to the development of the research topic refer to:

* Bandwith analysis of periodic trapezoidal pulses used for information transmission

and command/control in digital circuits and systems (5), (12).
- Determination of a relationship for calculating the band of trapezoidal
signals, 0.609/t, based on the simulations carried out and on the condition
that the amplitude of the spectral components of the periodic trapezoidal
pulses is 3 dB lower than the amplitude of the spectral components of the
periodic rectangular pulses (with the same duration and the same repetition
frequency) (5).

* Application of the electromagnetic field method to study the reflection,

transmission and coupling parameters for two single microstrip lines made on a

Rogers 4003C substrate, depending on the distance between the lines (1.1 mm; 3.1

mm; 5.1 mm; 7.1 mm; 9.1 mm), in the 0.5-50 GHz band (3), (5) (6), (7).
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- Application of the electromagnetic field method to study the influence of
the coupling between two single microstrip lines on the input impedance
depending on the distance between the lines (1.1 mm; 3.1 mm; 5.1 mm; 7.1
mm; 9.1 mm) and determining the minimum distance of 5.1 mm for the
chosen geometric configuration (3), (5).
- Analysis of the dependence of the attenuation of the signal transmitted
through a microstrip line on the distance between the two microstrip lines
(1.1 mm; 3.1 mm; 5.1 mm; 7.1 mm; 9.1 mm) and determining the minimum
distance of 5,1 mm, which provides a maximum attenuation of — 6 dB at the
frequency of 50 GHz (3), (6), (7).
- Near-end coupling study, in the 0.5 GHz-50 GHz band, for different
distances between the microstrip lines: 1.1 mm; 3.1 mm; 5.1 mm; 7.1 mm;
9.1 mm and identifying 3 subbands (0.5 GHz-15 GHz, 15-46 GHz, 46 GHz-
50 GHz) where the coupling parameter follows a certain variation curve (3),
(6).
- Analysis of the variation of the coupling signal at the far end according to
the distance between the microstrip lines, in the 0.5 GHz-50 GHz band, and
its division into 4 sub-bands (0.5 GHz — 3 GHz, 3 GHz — 26 GHz, 26-46 GHz
and 46- 50 GHz) where the coupling signal varies similarly (3), (6), (7).
* Application of the electromagnetic field method and the use of small distribution
parameters to study the behavior of a differential pair of microstrip lines made on a
Rogers 4003C substrate, in the 0.5 GHz-50 GHz band, for different distances
between the microstrip lines: 1.1 mm; 3.1 mm; 5.1 mm; 7.1 mm and 9.1 mm (2), (3).
- Determining the reflection parameters in the case of feeding the differential
pair with a differential signal and highlighting its advantages, namely the
reflection parameter - St(diffl,diffl) of approximately -45 dB and
St(comm,diff1) with values between -70 dB and -50 dB, compared to values
between -40 dB and -10 dB for single lines (2).
- Emphasizing, based on the simulations performed with the electromagnetic
field method, the reduced dependence of the reflection parameters on the
distance between the two microstrip lines in the case of differential feeding.
Thus, the reflection parameter St(diffl,diffl) varies very little with the
distance between the lines for the distances: 3.1 mm; 5.1 mm; 7.1 mm and 9.1
mm (less than -40 dB), and in the range 0.5 GHz-20 GHz, for a distance of
1.1 mm it has an average value of -35 dB. The reflection parameter
St(comm1,diff1) increases from approximately -70 dB at 0.5 GHz to -50 dB
at the frequency of 50 GHz, the curves describing the dependence on the
distance between the lines having a similar variation (3), ( 2).
- Determining the attenuation of the signal transmitted through a differential
pair of microstrip lines, in the 0.5-50 GHz band, depending on the distance
between the lines and highlighting the fact that the attenuation is lower than
in the case of a single line (the maximum value of -1.2 dB, at 50 GHz,
compared to about -6 dB for a line spacing of 7.1 mm) and that the influence
of line spacing is negligible for frequencies above 12 GHz (3), (2).
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* Analysis of the differential and common impedances of a differential pair of
microstrip lines made on a Rogers 4003C substrate, in the 0.5 GHz - 50 GHz band,
depending on the distance between the microstrip lines: 1.1 mm; 3.1 mm; 5.1 mm;
7.1mm and 9.1mm (2):
- In the frequency band 0.5 GHz - 8 GHz the differential impedance is
approximately constant, but the values differ depending on the distance
between the lines (approximately 97 ohms for the distances of 5.1 mm; 7.1
mm and 9.1 mm, 90 of ohms for 3.1mm and 74 ohms for 1.1mm spacing.
- In the frequency band 8 GHz - 50 GHz the differential impedance increases
approximately linearly to 158 ohms, 152 and 150 ohms respectively, for the
distances mentioned above.
- The common impedance varies approximately linearly from 25 ohms, for
distances of 5.1 mm; 7.1 mm and 9.1 mm, at 39 ohms, and from 26.5 to 39.50
ohms for the 3.1 mm distance, and from 29 to 42 ohms for the 1.1 mm.
* Analysis in the time domain of the differential pair of microstrip lines based on the
parameters calculated with the electromagnetic field method in the band 0.5 GHz-50
GHz (5).
- Evaluation through simulations in Ansoft Nexxim of the influence of the
differential pair on the signals, with different parameters, applied to the input
of the scheme built with the parameters extracted using the HFSS simulation
program, for 3 frequencies: 1.3 GHz, 3.6 GHz and 10 GHz (' 5), (7):
- For 1.3 GHz the oscillations are about 10% of the pulse amplitude
value and the front time increases from 54 ps to about 70 ps.
- For 3.6 GHz the oscillations are about 40% of the pulse amplitude
value and the front time increases from 20 ps to about 70 ps.
- For 10 GHz the oscillations are about 60% of the pulse amplitude
value and the front time increases from 10 ps to about 80 ps.
* Theoretical and experimental analysis of the reflection, transmission and coupling
parameters of two structures consisting of 3 microstrip lines made on a Rogers 4003
C substrate with a continuous ground plane and with a slit made in the ground plane,
in the 0.5 band GHz-50 GHz.
- Modeling in HFSS and practical realization of 2 plates on a Rogers 4003 C
substrate with 3 microstrip lines arranged at a distance of 2.7xpath width, with
and without a slot in the ground plane.
- Analysis of the influence of a slot in the ground plane on the reflected,
transmitted and coupling signals in the 0.5 GHz-50 GHz band (4), (9).
» Study of the electromagnetic field radiated by a via and a via connected to a
microstrip line, carried out on a Rogers 4003C substrate, open, respectively
terminated on a matched load, in the 1-40 GHz band using a model based on the
image method (1 ).
- Determination of the power radiated by a via as a function of frequency
(1-40 GHz) and showing that it increases in the frequency range 10-23 GHz
from 0 mW to 5.6 mW, and in the range 23-40 GHz oscillates around 4 mW
(supply power is 10 mW). The maximum radiated field varies parabolically
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in the frequency range 10-40 GHz, reaching a maximum value of 8.25 V/m
at 31.5 GHz and 38.5 GHz.
- Analysis of the radiated electromagnetic field by a via connected to a open
microstrip line, in the 1-40 GHz band, and identification of the frequency
range 13.5 GHz- 24 GHz where the radiated power is greater than 4 mW,
reaching the maximum value of 8.4 mW at the frequency of 16 GHz.
- Study of the electromagnetic field radiated by a microstrip line terminated
on Z=50 ohms and highlighting the fact that the power variation is smaller
and the 4 mW value is exceeded between 19.5 GHz and 23.5 GHz (1).
- Study of the variation of the electric field radiated by vias and combined
structures,vias and microstrip lines, in the 1-40 GHz band, depending on the
angular coordinates (1).
* Measurement of the electric field radiated by an open microstrip line, a microstrip
line connected to a matched load and a via connected to a open microstrip line using
a horn antenna for reception, in the 1-40 GHz band.
- Comparative analysis of the fields radiated by an open microstrip line and a
terminated line on a matched load using wide-band horn and log-periodic
antennas for reception.
* Performing simulations and determining the radiated electromagnetic power and
radiated electric field as a function of frequency (1-40 GHz) for a slot of the size of
an expansion card. The radiated power drops from about 8 mW at =2 GHz to 0 mW
at 36.5 GHz.
- Comparing the fields radiated by the expansion card slot-slot and the
microstrip line crossing combined structures it is found that the slots radiate
a greater amount of energy in the lower part of the band, 1-20 GHz, and the
combined structures in the central part 13-24 GHz .
- Determination of the variation of the radiated electric field in the plane of
the slot and in a plane perpendicular to the slot in the 1-40 GHz band.
* Performing simulations and determining the distribution of the electric field
radiated through an expansion card-sized slot by a radiation source placed inside a
desktop-type enclosure at various distances in the 1-40 GHz band. The maximum
field value at 10 mm distance is 5.8 V/m (f=4 GHz) and at 150 mm it is 12.4 V/m
(36.5 GHz).
- Modeling of an Archimedean spiral type radiation source arranged inside a
desktop type enclosure.
- Determination of the transmission power through the slot of an extension
card if the radiation source is placed inside the desktop enclosure. The power
varies between 0.5 mW and 2.3 mW, having a much smaller variation
compared to the other cases analyzed (via and combined structures microstrip
vias and lines).
- Comparative analysis of the maximum electric fields radiated by the slot of
an extension card powered directly and irradiated by a source placed inside
the enclosure. The maximum value of the total electric field is 5.4 V/m and
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corresponds to the frequency of 37 GHz, in the case of direct feeding, and
1.855 V/m at 31.5 GHz (¢=180°, 8 =90°), in the case of irradiation by spiral.

* Measurement of the transmitted field through the slot in the back of a desktop
enclosure, in the following configurations:

* log-periodic antenna-log-periodic antenna;

* horn antenna-log-periodic antenna.
- Determination of the electric field radiated through the slit using as a
reference the direct measurements made for the two analyzed configurations.
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8.4 Prospects for further development

The development of technologies for the development of electronic devices,
miniaturization, increasing the frequency of work, large-scale integration, diversification
of applications and increasing the number of those addressed to individual users lead to
an agglomeration of radio spectrum and increasing the importance of electromagnetic
compatibility which has to be adressed in the initial stages of the development of the
digital systems. Knowing the behavior of a digital system in a highly complex
electromagnetic environment will be one of the important goals to be pursued by
designers. Therefore, frequency and time analyses must be performed rigorously to
identify the frequencies at which interferences may be generated, as well as the
electromagnetic susceptibility of the equipment. An important direction for the
development of the approached topic refers to time domain reflectometry (TDR) which
will allow a better knowledge of the transient regimes in digital systems. Another
important dimension of the electromagnetic compatibility must take into account the
increase in the density of the equipment, which reduces the distance between them. As a
result, a direction of the development of the approached subject refers to the study of the
behavior of different sources of interference and carrie out the measurements in the near
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field. Performing practical determinations in the near field area requires special probes
that allow the measurement of electric or magnetic fields without disturbing the
electromagnetic field. A third direction of development refers to the analysis of the
possibility of recovering the information conveyed in digital systems based on
interference transmitted by conduction, by inductive and capacitive coupling or by
electromagnetic field.
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