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In circuit theory, we learn that current flows
in a closed loop, returning to the source via a
conductor pair. This flow of current provides
power to theload, and energy transfer occurs as
described by Ohm’s law (P = VI). Conversely,
in electromagnetics theory, we discover that
current does not provide the power in a cir-
cuit, but rather the energy wave is guided by
the conductor to power the load, according to
Maxwell’s equations.

The flow of current in a PCB is essential for
delivering energy and enabling devices to per-
form work but does current carry the energy?
Why does an alternating current (AC) signal
require a thicker conductor to provide higher
power if the current is not in the carrier? There
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are many contradictions as to how energy
flows in a circuit. To understand this, one must
appreciate the difference between the lumped
element view and that of distributed circuits.
Ohm’s law provides a simplified approach to
power transfer whereas Maxwell’s equations
offer an interpretation of the entire distributed
system. In this month’s column, we will try to
clarify the perplexing aspect of AC/DC electri-
cal theory.

Electromagnetic (EM) waves carry energy
through their electric and magnetic fields. The
larger the strength of these fields, the more
work they can do and the greater the energy the
wave carries. At high frequencies, the diameter
of a conductor affects how efficiently it absorbs



energy from electromagnetic waves. Larger
diameters allow for better energy absorption,
while smaller diameters limit energy transfer.
The wave energy is determined by its ampli-
tude. The amplitude of an electromagnetic
wave refers to the maximum field strength of
its electric and magnetic fields. The energy
carried by an electromagnetic wave is directly
proportional to the square of its amplitude. In
other words, if the amplitude of a wave dou-
bles, its energy increases by four times. This
relationship holds true for all types of electro-
magnetic waves (Figure 1).

When electromagnetic waves encounter a
conductor (such as a PCB trace and its refer-
ence line, typically a ground conductor), they
induce oscillating currents in the conductors
due to the fluctuating electric and magnetic
fields. A pair of associated conductors, usu-
ally a signal line and reference line, are used to
move energy from point A to point B. These
induced currents themselves emit electromag-
netic waves at the same frequency, which can
either constructively or detrimentally inter-
fere. If the conductor has a small diameter
(compared to the wavelength of the incident

wave), the induced currents are limited, and
the energy absorption is reduced. Conversely,
a larger conductor diameter allows for more
efficient energy absorption.

It’s essential to note that the speed of energy/
signal traveling down a conductor is actually
the speed of the electromagnetic wave, not
the movement of electrons. The signal travels
on this electromagnetic carrier wave. The EM
wave traveling along (guided by) the copper
trace forms a type of waveguide. The propaga-
tion of the wave is affected by the interaction
with the material(s) in and surrounding the
dielectric, caused by the presence of electric
charge carriers, interacting with the electric
field component, and magnetic dipoles, inter-
acting with the magnetic field component. The
energy/signal flows overwhelmingly outside
the electrical conductor. The purpose of the
conductor is thus not to conduct energy, but to
guide the energy-carrying wave.

The electromagnetic fields do not move
through space. It is the electromagnetic energy
that moves. The electric field of a conduc-
tor extends to the return conductor, which is
usually closely coupled to the signal trace. At

Figure 1: Energy carried by an EM wave depends on its amplitude. Doubling the E (electric) field and
B (magnetic) field quadruples the energy density (u) and the energy flux (uc). (Source: Samuel J. Ling)
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greater distances, the aggregate field can be
approximated by the differential field between
the conductor and the return conductor, which
tends to cancel. When you minimize the return
loop in a circuit, it helps reduce electromag-
netic radiation.

When a DC step voltage is applied to a trans-
mission line, the electron drift velocity will
increase in speed proportionally to the strength
of the electric field. However, electron drift
speed is very slow; drift velocity is about 4 Km/
hr. AC voltages cause no net movement. The
electrons oscillate back and forth in response
to the alternating electric field, over a distance
of a few micrometers.

The velocity of propagation of an EM wave is
only limited by the dielectric properties of the
surrounding materials. EM waves travel at the
speed of light in a vacuum or air but are slowed
down as they enter a dielectric. The relative
permeability or dielectric constant (Dk), of the
surrounding materials, impacts the velocity of
propagation (v) at the speed of light (¢).
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Therefore, FR-4 material (with Dk = 4) in
a stripline configuration slows the propaga-
tion speed and decreases the wavelength of
the electromagnetic wave by about half. But
that all depends on the

whether it’s a radio wave, visible light, ora DC
signal, they all travel at this universal speed.
When a DC voltage is applied to a transmission
line, the particles move, generating a magnetic
field, which in turn creates an EM wave along
the line. Signals do not travel as electrons or
charge movement; it would be way too slow
to be useful. Signals travel at a fraction of light
speed because it’s the EM wave that travels.

Electromagnetic waves are generated by the
acceleration of charged particles. In the case of
DC, a constant electric field creates the flow of
electrons through a conductor pair, creating
a constant magnetic field. This magnetic field
then generates an electromagnetic wave. The
strength of the DC current does not affect the
frequency of the electromagnetic wave, but it
does affect the amplitude or intensity of the
wave. A stronger current will result in a stron-
ger electromagnetic wave with a higher ampli-
tude and thus more energy.

When a DC voltage is connected to aload (via
a PCB trace), a transient current flows through
the conductors. This transient current is actu-
ally an alternating current and behaves like a
propagating electromagnetic wave. It gener-
ates fluctuating electric and magnetic fields
as it travels along the conductor. If the imped-
ance of the transmission line is not matched to
the source and the load, it will reflect, creating
overshoot and undershoot as in Figure 2.
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the combined surrounding
materials.

It is important to note
that this speed applies to
all electromagnetic waves,
including direct current
(DC) signals. Even though
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Figure 2: A DC step voltage applied to a transmission line will

ring from reflections.



Figure 3: Electromagnetic fields of a DC power circuit. (Source: Juliano Mologni, Ansys)

It is important to understand that fluctuat-
ing DC cannot exist; anything that fluctuates
is actually AC. As designers, we often use the
term DC rather too loosely. At the instant of
connection of a DC voltage to a load, a tran-
sient current flows through the conductors
(PCB traces), charging up their distributed
capacitances. This transient current is AC and
is a propagating EM wave that generates fluc-
tuating EM fields (magnetic and electric) as it
travels along the transmission line. Afterward,
the current is DC and the EM fields become
static, not fluctuating.

Electric and magnetic fields are present
around any electrical circuit, whether it car-
ries AC or DC electricity. Since DC is static
and AC varies in direction, fields from DC
and AC sources have significant differences.
Static fields, for example, do not induce cur-
rents (crosstalk) in stationary objects, while
AC fields do. Static magnetic fields do not vary
over time and thus do not have a frequency (0
Hz). Therefore, DC signals do not exhibit the
skin effect, where current tends to flow only

in the surface of a conductor. As the frequency
increases, current is delegated to the surface.

Charges do not move in a conductor unless
there is an electric field to push them along. In
a vacuum, electrons are unimpeded and accel-
erate across the available space. They give up
their energy on impact at the end of their jour-
ney. In a dielectric, the moving charges con-
stantly collide with atoms, creating thermal
energy (heat). On average, they attain a fixed
velocity. This steady flow of charge is called a
direct current. A direct current that flows in a
conductor flows uniformly through the entire
conductor cross-section (not only on the sur-
face).

In a DC circuit, energy flows due to the inter-
play of electric and magnetic fields. The energy
transfer occurs through the interplay of the
electric field (due to the presence of charged
particles) and the magnetic field (due to the
motion of charged particles). It is not current
that delivers the energy to the load, but rather
electrons moving through the copper create
both fields, facilitating the energy transfer.
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Designers often mislead themselves when
they talk about a DC voltage rail. It tends to sug-
gest that the currents that ICs draw from the DC
rail are DC currents, when in fact, with modern
digital electronics, they are actually quite pow-
erful high-frequency currents plus a DC compo-
nent, which is why we must be careful to decou-
ple our power supply rails properly to control
emissions. Thicker traces reduce the skin effect
and minimize losses at AC, while a thicker trace
at DC allows for freer movement of charged par-
ticles and thus reduces emitted heat.

Key Points

» One must appreciate the difference
between the lumped element view and
that of distributed circuits.

o At high frequencies, the diameter of a con-
ductor affects how efficiently it absorbs
energy from electromagnetic waves. A
larger conductor diameter allows for more
efficient energy absorption.

o If the conductor has a small diameter
(compared to the wavelength of the inci-
dent wave), the induced currents are lim-
ited, and the energy absorption is reduced.

« The energy carried by an electromagnetic
wave is directly proportional to the square
of its amplitude.

 Energy/signal traveling down a conductor
is actually the speed of the electromagnetic
wave, not the movement of electrons.

o The EM wave traveling along (guided by)
the copper trace forms a type of wave-
guide.

o The electric field of a conductor extends
to the return conductor, which is usually
closely coupled to the signal trace.

 Even though DC signals are typically asso-
ciated with steady currents, their electro-
magnetic fields still propagate at the same
speed as other electromagnetic waves.

o When a DC voltage is applied to a trans-
mission line, it generates a magnetic field,
which in turn creates an EM wave along
the line.
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« In the case of DC, a constant electric field
creates the flow of electrons through a
conductor pair, creating a constant
magnetic field. This magnetic field then
generates an electromagnetic wave.

e Electric and magnetic fields are present
around any electrical circuit, whether it
carries AC or DC electricity.

o It is not current that delivers the energy
to the load, but rather electrons moving
through the copper create EM fields,
facilitating the energy transfer. DESIGNOO7
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