Forget What You
Were Taught

Beyond Design

Feature Column by Barry Olney, IN-CIRCUIT DESIGN PTY LTD / AUSTRALIA

Ralph Morrison was a physicist who pro-
moted the belief that electromagnetic energy
flows in spaces, not the traces. That energy
does not flow in the copper traces of a PCB,
but rather the energy follows the traces act-
ing as a waveguide and propagates through the
dielectric material. This explains many elec-
tromagnetic (EM) effects such as radiation
from outer microstrip layers and from stripline
fringing fields, how components can be mag-
netically coupled, and why crosstalk is created
by overlapping EM fields. But it also raises a
few questions.

The simplistic approach to analyzing elec-
tronic circuits is to use the lumped element
model. This methodology assumes that the
attributes of the circuit—resistance, capaci-
tance, and inductance—are concentrated into
idealized electrical components connected by
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a network of perfectly conducting wires. How-
ever, that is not the case. As the frequency and
rise time increase, these elements become dis-
tributed continuously through the substrate
along the entire length of the trace. The cop-
per trace and the adjacent dielectric materi-
als become a transmission line, the skin effect
forces current into the outer regions of the
conductor, and frequency dependent losses
impact the quality of the signal. The PCB trace
now behaves as a distributed system with para-
sitic inductance and capacitance characterized
by delay and scattered reflections. The behav-
ior we are now concerned about, occurs in the
frequency domain.

We were taught in circuit theory (and still
are) that electric energy is made up of electrons
moving in the conductors. Unfortunately, cir-
cuit theory does not consider the flight time of



the signal, energy dissipation, and reflections
which are key issues of digital logic design. It
incorrectly teaches that:

o The conductors carry the energy
o The load instantly affects the flow of energy
o The transmission line has no losses

So now, it is time to forget what you were
taught and instead think in terms of electro-
magnetic field theory. We must focus on the
movement of EM fields and not on the flow of
electrons.

The first law of thermodynamics states:
Energy can neither be created nor be
destroyed; it can only be transferred from one
form to another. When an electromagnetic
wave propagates from the source, it transfers
energy to objects in its path. Electromagnetic
fields transport all the energy on a circuit
board. This carrier wave can transport infor-
mation, or it can supply energy to power an
IC. If information is carried, then the propaga-
tion of the wave alters the timing of the data
and must be added to the delay of the circuit.
The energy supplied to a load is carried in the
space between the connecting conductors and
not in the conductors themselves. This con-
cept applies at all frequencies including DC.
EM fields can also move energy in free space
but not as DC.

Electromagnetic energy travels at the speed
of light in a vacuum or air but is delayed by the
dielectric materials used to construct multi-
layer PCBs. The relative permeability or dielec-
tric constant (Dk) of the surrounding materials
impacts the velocity of propagation (v) at the
speed of light (c).

C

Equation 1 V= ﬁ
As the dielectric constant of a material
increases, the velocity of propagation slows

down. With a Dk = 4, the velocity is half the
speed of light. If one uses different core and
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prepreg materials in the substrate, then each
layer will have varying speeds depending on
the dielectric constant. This will impact the
timing of memory buses in particular.

What Happens at Low Frequency and DC?

Voltage differences can exist between points
in space or between conducting surfaces. Elec-
tric fields exist at all frequencies including DC.
In a field representation, lines of force start on
a fixed amount of positive charge and termi-
nate on the same amount of opposite charge.
When the lines are close together, the forces
are the greatest.

A small electric field within a conductor is
required for current flow. When there is no
current flow there is no field. The velocity of
electrons in copper is extremely slow. In a typi-
cal geometry, the average velocity is less than
1 cm/s. This occurs because the electron den-
sity in a conductor is extremely high. What is
important is the nature of the electric and mag-
netic fields.

At low frequencies (below 100 kHz), most of
the field generated by a circuit returns to the
source. This is a good example of where circuit
theory can be put to good use. At DC, the fields
are unchanging, and the energy is moving at
about half the speed of light. We need to know
the value of current flow to calculate voltage
drop, power losses, and the magnetic field.

The fields associated with traces over a con-
ducting plane are located under the traces. At



frequencies below a kilohertz, the series induc-
tive reactance between two points is lower
than the resistance between these points.
Therefore, at low frequencies current patterns
are controlled by conductor resistance. The
field required to move current in a solid plane
at DC is very small.

Why Does a Thin Trace Overheat and

Behave Like a Fuse?

The way I see it: electromagnetic energy
moving through the dielectric induces cur-
rent to flow in the conductors. The current is
a result of the energy in the dielectric. It is an
effect, not the cause. The trace and the plane
bound the energy and thus it is the energy den-
sity between the conductors that determines
the current density in the trace geometry. The
wider and thicker the conductor (Figure 2),
the more energy can be contained in the field.
Thus, a larger cross-sectional area of copper is
required to deliver higher energy at DC. How-
ever, the plane has sufficient capacity to sup-
port the energy flow. If the trace is too narrow,
then the contained energy will dissipate as
heat until the trace disconnects.

A DC power integrity simulator highlights
areas of high current density, which will lead to
higher temperatures. A low thermal resistance
ensures that the heat is transferred through the
material much faster. This resistance is directly
proportional to the length of the thermal path
and inversely proportional to the cross-sec-
tional area and thermal conductivity of the
thermal path.

For instance, if the load is shorted, then the
EM field will try to maintain the output voltage
by providing more energy. As the energy level
of the field increases, it looks for the weakest
link, which is the point of lowest resistance on
the trace segment. The excess energy will then
transform into thermal energy, vaporizing the
trace at the weakest point.

The trace also cools by conduction through
the substrate. But as the trace temperature
increases, the dielectric material beneath
degrades, passing through the stages of the
glass transition to thermal decomposition
and finally delamination. Deterioration of the
underlying dielectric material will reduce the
effective cooling capacity of the material and
thus increase the temperature of the trace.

If there is current flow in a conductor, an
electric field must exist. At DC, this field will
be the same at any depth. However, a changing
magnetic field associated with AC flow forces
the current to bind to the perimeter of the con-
ductors. This is known as the skin effect and
applies to digital circuits, where currents flow
very near the surface of the conductors. For
a sine wave current at 1 MHz, the skin depth
in copper is only 66 pm. This means that the
current at this depth is the surface current
reduced by 8.68 dB. At 1 GHz, the skin depth is
0.066 pm and decreases with higher frequency.

As frequencies and rise times continue to
increase, the PCB designer needs to consider
the path of electromagnetic fields through
the substrate. To fully understand the opera-
tion of digital circuits, we must focus on the

GND Plane

Figure 2: Small traces (left) confine less energy than larger traces (right).

NOVEMBER 2022 1 DESIGNOO7 MAGAZINE 25



movement of EM fields and not on the flow of
electrons. This also applies to DC analysis of
the power distribution network. Rather than
considering the current capacity of a conduc-
tor, one should allow for the amount of field
energy that the conductor can confine.

Key Points
o Energy does not flow in the copper traces
of a PCB, but rather the energy follows
the traces acting as a waveguide and prop-
agates through the dielectric material.

o The lumped element model assumes that
the attributes of the circuit—resistance,
capacitance, and inductance—are concen-
trated into idealized electrical components
connected by a network of perfectly
conducting wires.

o A distributed system disperses elements
through the substrate along the entire
length of the transmission line and is
characterized by delay and scattered
reflections.

« Forget what you were taught in circuit
theory and instead think in terms of
electromagnetic field theory. We must
focus on the movement of EM fields and
not on the flow of electrons.

o An EM carrier wave can transport
information, or it can supply energy to
power an IC.

o When information is carried, the propaga-
tion of the wave alters the timing of the
data and must be added to the delay of
the circuit.

°

Electric fields exist at all frequencies
including DC.

°

The velocity of electrons in copper is
extremely slow. In a typical geometry,
the average velocity is less than 1 cm/s.

The fields associated with traces over a
conducting plane are located under the
traces.
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o At frequencies below a kilohertz, the series
inductive reactance between two points
is lower than the resistance. Therefore, at
low frequencies, current patterns are
controlled by conductor resistance.

« Electromagnetic energy moving through
the dielectric induces current to flow in
the conductors.

o The trace and the plane bound the energy
and thus it is the energy density between
the conductors that determines the
current density in the trace geometry.

o The wider and thicker the conductor, the
more energy can be contained in the field.

o If the trace is too narrow, then the
contained energy will dissipate as heat.

o A DC power integrity simulator highlights
areas of high current density, which will
lead to higher temperatures.

« The trace also cools by conduction
through the substrate.

« The skin effect applies to digital circuits,
where currents flow very near the surface
of the conductors. DESIGN00T
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A Comprehensive Report Includes:
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Material Selection for Cost/Performance
to Required Frequency and Bandwidth,
Design Constraint Review
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Stackup Impedance Analysis,
Single-ended, Differential Pairs and CPW
Blind and Buried Via Definition,
Reference Plane Assignment Validation
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Critical Placement and Routing,
Plane Pour Definitions, Return
Current Paths, Plane Cross-overs
and Broadside Coupling Review
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PDN Analysis - Minimizes AC Impedance,
Decap Selection, Mounting Inductance
Analysis, Plane Resonance Dampening

Critical Net Simulation, EMC Analysis
to FCC Class B, Timing Measurement,
Termination Review, Crosstalk Analysis

Ensure your next design works!
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