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1
Fundamental Electrical Properties

1.1 Introduction
The atomic theory of matter specifies that each of the many chemical elements is
composed of unique and identifiable particles called atoms. In ancient times only 10
were known in their pure, uncombined form; these were carbon, sulfur, copper, anti-
mony, iron, tin, gold, silver, mercury, and lead. Of the several hundred now identified,
less than 50 are found in an uncombined, or chemically free, form on earth.

Each atom consists of a compact nucleus of positively and negatively charged parti-
cles (protons and electrons, respectively). Additional electrons travel in well-defined
orbits around the nucleus. The electron orbits are grouped in regions called shells, and
the number of electrons in each orbit increases with the increase in orbit diameter in ac-
cordance with quantum-theory laws of physics. The diameter of the outer orbiting path
of electrons in an atom is in the order of one-millionth (10–6) millimeter, and the nu-
cleus, one-millionth of that. These typical figures emphasize the minute size of the
atom.

1.2 Electrical Fundamentals
The nucleus and the free electrons for an iron atom are shown in the schematic dia-
gram in Figure 1.1. Note that the electrons are spinning in different directions. This
rotation creates a magnetic field surrounding each electron. If the number of electrons
with positive spins is equal to the number with negative spins, then the net field is
zero and the atom exhibits no magnetic field.

In the diagram, although the electrons in the first, second, and fourth shells balance
each other, in the third shell five electrons have clockwise positive spins, and one a
counterclockwise negative spin, which gives the iron atom in this particular electron
configuration a cumulative magnetic effect.

The parallel alignment of the electron spins over regions, known as domains, con-
taining a large number of atoms. When a magnetic material is in a demagnetized state,
the direction of magnetization in the domain is in a random order. Magnetization by an
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external field takes place by a change or displacement in the isolation of the domains,
with the result that a large number of the atoms are aligned with their charged electrons
in parallel.

1.2.1 Conductors and Insulators

In some elements, such as copper, the electrons in the outer shells of the atom are so
weakly bound to the nucleus that they can be released by a small electrical force, or
voltage. A voltage applied between two points on a length of a metallic conductor
produces the flow of an electric current, and an electric field is established around the
conductor. The conductivity is a constant for each metal that is unaffected by the cur-
rent through or the intensity of any external electric field.

In some nonmetallic materials, the free electrons are so tightly bound by forces in
the atom that, upon the application of an external voltage, they will not separate from
their atom except by an electrical force strong enough to destroy the insulating proper-
ties of the material. However, the charges will realign within the structure of their atom.
This condition occurs in the insulating material (dielectric) of a capacitor when a volt-
age is applied to the two conductors encasing the dielectric.

Semiconductors are electronic conducting materials wherein the conductivity is de-
pendent primarily upon impurities in the material. In addition to negative mobile
charges of electrons, positive mobile charges are present. These positive charges are
called holes because each exists as an absence of electrons. Holes (+) and electrons (–),

Figure 1.1 Schematic of the iron (Fe) atom.
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because they are oppositely charged, move in opposite directions in an electric field.
The conductivity of semiconductors is highly sensitive to, and increases with, tempera-
ture.

1.2.2 Direct Current (dc)

Direct current is defined as a unidirectional current in which there are no significant
changes in the current flow. In practice, the term frequently is used to identify a volt-
age source, in which case variations in the load can result in fluctuations in the current
but not in the direction.

Direct current was used in the first systems to distribute electricity for household
and industrial power. For safety reasons, and the voltage requirements of lamps and
motors, distribution was at the low nominal voltage of 110. The losses in distribution
circuits at this voltage seriously restricted the length of transmission lines and the size
of the areas that could be covered. Consequently, only a relatively small area could be
served by a single generating plant. It was not until the development of alternating-cur-
rent systems and the voltage transformer that it was feasible to transport high levels of
power at relatively low current over long distances for subsequent low-voltage distribu-
tion to consumers.

1.2.3 Alternating Current (ac)

Alternating current is defined as a current that reverses direction at a periodic rate.
The average value of alternating current over a period of one cycle is equal to zero.
The effective value of an alternating current in the supply of energy is measured in
terms of the root mean square (rms) value. The rms is the square root of the square of
all the values, positive and negative, during a complete cycle, usually a sine wave. Be-
cause rms values cannot be added directly, it is necessary to perform an rms addition
as shown in the equation:

V V V Vrms total rms rms rms n= + +1
2

2
2 2L (1.1)

As in the definition of direct current, in practice the term frequently is used to iden-
tify a voltage source.

The level of a sine-wave alternating current or voltage can be specified by two other
methods of measurement in addition to rms. These are average and peak. A sine-wave
signal and the rms and average levels are shown in Figure 1.2. The levels of complex,
symmetrical ac signals are specified as the peak level from the axis, as shown in the fig-
ure.

1.2.4 Static Electricity

The phenomenon of static electricity and related potential differences concerns con-
figurations of conductors and insulators where no current flows and all electrical
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forces are unchanging; hence the term static. Nevertheless, static forces are present
because of the number of excess electrons or protons in an object. A static charge can
be induced by the application of a voltage to an object. A flow of current to or from
the object can result from either a breakdown of the surrounding nonconducting ma-
terial or by the connection of a conductor to the object.

Two basic laws regarding electrons and protons are:

• Like charges exert a repelling force on each other; electrons repel other electrons
and protons repel other protons

• Opposite charges attract each other; electrons and protons are attracted to each
other

Therefore, if two objects each contain exactly as many electrons as protons in each
atom, there is no electrostatic force between the two. On the other hand, if one object
is charged with an excess of protons (deficiency of electrons) and the other an excess
of electrons, there will be a relatively weak attraction that diminishes rapidly with dis-
tance. An attraction also will occur between a neutral and a charged object.

Another fundamental law, developed by Faraday, governing static electricity is that
all of the charge of any conductor not carrying a current lies in the surface of the con-
ductor. Thus, any electric fields external to a completely enclosed metal box will not
penetrate beyond the surface. Conversely, fields within the box will not exert any force
on objects outside the box. The box need not be a solid surface; a conduction cage or
grid will suffice. This type of isolation frequently is referred to as a Faraday shield.

1.2.5 Noise in Electronic Circuits

Noise has become the standard term for signals that are random and that are com-
bined with the circuit signal to affect the overall performance of a system. As the
study of noise has progressed, engineers have come to realize that there are many
sources of noise in circuits. The following definitions are commonly used in discus-
sions of circuit noise:

Figure 1.2 Root mean square (rms) measurements. The relationship of rms and aver-
age values is shown.
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• White noise: a signal that has its energy evenly distributed over the entire fre-
quency spectrum, within the frequency range of interest (typically below fre-
quencies in the infrared range). Because white noise is totally random, it may
seem inappropriate to refer to its frequency range, because it is not really periodic
in the ordinary sense. Nevertheless, by examining an oscilloscope trace of white
noise, it can be verified that every trace is different, as the noise never repeats it-
self, and yet each trace looks the same. There is a strong theoretical foundation to
represent the frequency content of such signals as covering the frequency spec-
trum evenly. In this way the impact on other periodic signals can be analyzed. The
term white noise arises from the fact that, similar to white light, which has equal
amounts of all light frequencies, white noise has equal amounts of noise at all fre-
quencies within circuit operating ranges.

• Interference: the name given to any predictable, periodic signal that occurs in an
electronic circuit in addition to the signal the circuit is designed to process. This is
distinguished from a noise signal by the fact that it occupies a relatively small fre-
quency range, and because it is predictable it can often be filtered out. Usually, in-
terference comes from another electronic system such as an interfering radio
source.

• Thermal noise: any noise that is generated within a circuit and is temperature-de-
pendent. This signal usually is the result of the influence of temperature directly
on the operating characteristics of circuit components, which because of the ran-
dom motion of molecules as a result of temperature, in turn creates a random fluc-
tuation of the signal being processed.

• Shot noise: a type of circuit noise that is not temperature-dependent, and is not
white noise in the sense that it tends to diminish at higher frequencies. This noise
usually occurs in components whose operation depends on a mean particle resi-
dence time for the active electrons within the device. The cutoff frequency above
which noise disappears is closely related to the inverse of this characteristic parti-
cle residence time.
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1.5 Tabular Data

Table 1.1 Symbols and Terminology for Physical and Chemical Quantities: Classical
Mechanics (From [1]. Used with permission.)
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Table 1.2 Symbols and Terminology for Physical and Chemical Quantities: Electricity
and Magnetism (From [1]. Used with permission.)
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Table 1.3 Symbols and Terminology for Physical and Chemical Quantities: Electromag-
netic Radiation (From [1]. Used with permission.)
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Table 1.4 Symbols and Terminology for Physical and Chemical Quantities: Solid State
(From [1]. Used with permission.)
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Table 1.6 Tensile Strength of Selected Wrought Aluminum Alloys (From [1]. Used with
permission.)

Table 1.5 Total Elongation at Failure of Selected Polymers (From [1]. Used with permis-
sion.)
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Table 1.7 Density of Selected Materials, Mg/m3 (From

 

[1]. Used with permission.)
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Table 1.8 Dielectric Constants of Ceramics (From [1]. Used with permission.)

Table 1.9 Dielectric Constants of Glass (From [1]. Used with permission.)
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Table 1.10 Dielectric Constants of Solids in the Temperature Range 17–22°C (From [1].
Used with permission.)
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