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FEATURE COLUMN: BEYOND DESIGN

When Do Traces Become
Transmission Lines?

by Barry Olney
IN-CIRCUIT DESIGN PTY LTD / AUSTRALIA

At low frequencies, traces and components
on a PCB behave simply as lossless lumped el-
ements—as taught in Circuit Theory 101. But
as the frequency increases, the copper trace and
adjacent dielectric(s) become a transmission
line, the skin effect forces current into the outer
regions of the conductor and frequency depen-
dant losses impact on the quality of the signal.
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Figure 1: Ideal vs real-world rising edges.

The PCB trace now behaves as a distributed sys-
tem with parasitic inductance and capacitance
characterized by delay and scattered reflections.
The behavior we are now concerned about oc-
curs in the frequency domain rather than the
familiar time domain. This is the real world of
high-speed design.

Ideally, square wave signals are just that—
perfect square waves with an evenly, sloping
rising and falling edge. However, in the real
world, things are quite different. Figure 1, illus-
trates the rising edge of a square wave, in the
ideal case (low frequency), compared to the real
world (high frequency). The transmission line
effects create under and overshoot resulting in
ringing in the signal. If this ringing crosses the
voltage input high threshold (VIH), at the re-
ceiver, then it may cause false triggering.

The Fourier theorem states that every func-
tion can be completely expressed as the sum
of sines and cosines of various amplitudes and
frequencies. The Fourier series expansion of a
square wave is made up of a sum of odd har-
monics. Figure 2 shows the conversion of a
square wave from the time domain to the fre-
quency domain and the resultant amplitudes of
the frequency components. If the waveform has
an even mark-to-space ratio, then the even har-

Figure 2: Harmonics of a square wave converted from the time domain to the frequency domain.
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monics cancel. The high-frequency content of a
square wave is significantly affected by the rise
time of the waveform. Also, as the frequency
increases, the amplitude decreases. In the real
world, one needs to consider the maximum
bandwidth of a signal, including harmonics,
rather than assume the perfect square wave fun-
dament frequency model.

Surprisingly, even at very low frequency, an
old-fashioned telegraph line is a transmission
line simply because the wire length is compa-
rable to the signal rise time. In recent years,
edge rates have become much faster, to the
point where short traces, on a PCB, are a small
multiple of the edge rates propagating through
them. As such, one should consider these PCB
traces to be transmission lines and analyze their
signal integrity.

In general, all drivers whose trace length (in
inches) is equal to or greater than the rise time
(in nanoseconds) should be considered critical
and treated as high-speed transmission lines. It
is the signal rise/fall time, rather than the sig-
nal clock frequency, that determines the criti-
cal signal speed. However, a steep rise/fall time
may be slowed by loading the signal line with
a damping/back-matching resistor close to the
source.

Impedance is the key factor that controls
the stability of a design—it is the core issue of
both the signal and power integrity methodol-
ogy. At low frequencies, a PCB trace is almost
an ideal circuit with little resistance, and with-
out capacitance or inductance. Current follows
the path of least resistance. But at high frequen-
cies, alternating current circuit characteristics
dominate causing inductance and capacitance
to become prevalent. Current then follows the
path of least inductance. The impedance of an
ideal, lossless transmission line is related to the
capacitance and inductance:

L/C

But this is very simplistic and the imped-
ance should be simulated by a field solver to
obtain accurate values, of impedance, for each
signal layer of the substrate. The impedance of
the trace is extremely important, as any mis-
match along the transmission path will result

20 =

22 The PCB Design Magazine ® October 2017

in a reduction in quality of the signal and pos-
sibly radiation of noise. For perfect transfer of
energy, the impedance at the source must equal
the impedance at the load. However, this is not
usually the case and terminations are generally
required, at fast edge rates, to limit ringing.

50 to 60 ohms characteristic impedance is
often used in high-speed designs. Lower im-
pedance values cause excessive dI/dt crosstalk
and can double the power consumed to create
a heat dissipation problem. Higher impedances
not only produce high crosstalk, but also pro-
duce circuits with greater electromagnetic emis-
sions and sensitivity. However as core voltages
drop, rise times become faster and frequency
increases, and a lower impedance is more desir-
able. For example, DDR3/4 memory buses use
40 ohm characteristic and 80 ohm differential
impedance.

Figure 3 details the actual input impedance
measured with a vector network analyzer (VNA),
looking into a one inch transmission line with
the other end open. This looks remarkably simi-
lar to the AC impedance of a plane cavity's res-
onance, which also has no termination. How-
ever, the plane pair has more area and therefore
much more capacitance and less inductance
than a trace, making the resonance lower in
frequency and providing a very low impedance
path. So, planes simply act as big, fat, untermi-
nated transmission lines.

This transmission line was designed to have
a characteristic impedance of 50Q but the fre-
quency dependant losses impact on the quality
of the signal. The frequency domain transmit-
ted and reflected data is respectively referred to
as insertion and return loss. The characteristic
impedance (Zo), that is commonly used to spec-
ify trace impedance, is defined as the instanta-
neous impedance of a lossless transmission line.

The most fundamental signal integrity
analysis involves defining the board stackup,
including appropriate dielectric constants and
layer thicknesses, and determining the appro-
priate trace width (and clearance for differential
signals) that corresponds with the target char-
acteristic and differential impedance for the
traces. However, selecting the right impedance,
and other transmission line characteristics, are
essential to generating accurate results.
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Figure 3: A 5022, 1-inch trace measured with a vector network analyzer (source: Eric Bogatin).
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Figure 4: The four main configurations of impedance structures (source: IPC-2251).

Multilayer PCBs are ideally suited for provid- 1. Microstrip
ing interconnection wiring that is specifically 2. Embedded microstrip (with solder mask
designed to provide desired levels of impedance or conformal coating)
control. Techniques commonly referred to as mi- 3. Balanced stripline (aka symmetric
crostrip and stripline are employed for imped- stripline)
ance control. There are four basic types of trans- 4. Unbalanced or dual embedded stripline
mission line constructions, as shown in Figure 4: (aka asymmetric stripline)

October 2017 © The PCB Design Magazine 23



WHEN DO TRACES BECOME TRANSMISSION LINES?

It is important to note the variation
in dielectric constant (Er or DKk) that
different materials can exhibit. For in-
stance, air has an Er = 1, whereas an alu-
minum stiffener may have an Er = 10
and then there are barium oxides that
go up to 600. Standard FR-4 has an Er
= 4 and dielectrics specifically designed
to be used for high-speed designs have
a very low dielectric constant. For in-
stance, Isola Astra-MT77 100GHz ma-
terial has an Er = 3. The dielectric con-
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stant has a direct impact on impedance
and the signal propagation through
the substrate. That is why the dielectric i
constant for a specific material should .
always be obtained from the supplier’s
specification (or a reliable source) that
lists the Er at different frequencies.
Please note that datasheets generally
list the dielectric constant as Dk.

Closed-form equation-based impedance
calculators have been around for many years,
but unfortunately, they are extremely limited
in accuracy. Many examples can be found on
the internet and generally their results are just
rough estimations but where they all come to-
tally unstuck is in the calculation of dual em-
bedded (asymmetric) stripline. IPC published
impedance equations in the original IPC-D-317
and later in the IPC-2251 standard. The later
was based on Brian C. Wadell’s book Transmis-
sion Line Design Handbook, but even these
quite elaborate equations are unable to cope
with wide unbalances in surrounding dielectric
in the stripline configuration. Since impedance
is the key factor that controls the stability of a
design, one should never compromise the ac-
curacy required, for high-speed design, and the
use of a precision field solver is mandatory.

I mentioned earlier that a steep rise/fall time
may be slowed by loading the signal line with
a damping/back-matching resistor close to the
source. This also serves to match the impedance
of the driver to the transmission line. Unfortu-
nately, using mainstream PCB layout software,
one really has no idea what the driver imped-
ance is, let alone the capability to match the
driver to the impedance of the transmission
line. Driver impedance is typically low, com-

-500.
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Figure 5: Ringing is reduced dramatically by adding a series
terminator (simulated in HyperLynx).

pared to a typical 50 ohm transmission line,
but adding a series resistor, of the correct value,
solves this issue.

The need to terminate a PCB trace is based
on several design criteria. The most important
being an electrically long trace, when the length
exceeds one sixth of the electrical length of the
rising edge rate. But even if the trace is short,
termination may still be required if the load is
capacitive or highly inductive to prevent ring-
ing. Series termination is excellent for point-
to-point routes, one load per net. It also works
well for traces that are electrically short and is
used to fanout multiple loads radially from a
common source (star routed) without affecting
other circuits in the network. Series termina-
tion reduces ringing and ground bounce. It is
the most common termination used for high-
speed design.

Revisiting the real-world rise time edge rate
(Figure 1), by placing a series terminator (close
to the source) the ringing is reduced dramati-
cally. This will reduce crosstalk and also knock
off the radiation. In Figure 5, the red waveform
is the original, ringing signal, and the blue
waveform demonstrates the damping etfect of
a series resistor taking us back to a near ideal
waveform. The insert is the projected emissions
in the frequency domain.



High-speed digital design is all about con-
trolling impedance. The impedance of the
transmission lines needs to be matched and
maintained at a constant value along the en-
tire length of the interconnect. Also, the power
distribution network needs to provide a low
impedance path, through the planes, across the
entire frequency bandwidth of the signal. These
seemingly unrelated disciplines control the sta-
bility and reliability of the product. Get it right
and your high-speed design is off to a great
start; get it wrong and you are in for a (real)
world of pain.

Points to Remember

e At high frequencies the PCB trace now
behaves as a distributed system with para-
sitic inductance and capacitance charac-
terized by delay and scattered reflections.

¢ The transmission line effects create under
and over shoot resulting in ringing in the
signal.

* The Fourier series expansion of a square
wave is made up of a sum of odd harmonics.

* A trace becomes a transmission line sim-
ply when the length is comparable to the
signal rise time.

e All drivers whose trace length (in inches)
is equal to or greater than the rise time
(in nanoseconds) should be considered
critical and treated as high-speed
transmission lines.

¢ Impedance is the key factor that controls
the stability of a design; it is the core
issue of both the signal and power
integrity methodology.

e For perfect transfer of energy, the
impedance at the source must equal the
impedance at the load.

e Terminations are generally required, at
fast edge rates, to match the impedance
and limit ringing.

e As core voltages drop, rise times become
faster and frequency increases, and a
lower impedance is more desirable.

¢ The measured input impedance of a
transmission line looks remarkably
similar to the AC impedance of a plane
cavity’s resonance which also has no
termination.

WHEN DO TRACES BECOME TRANSMISSION LINES?

¢ The characteristic impedance (Zo), is de-
fined as the instantaneous impedance of
a lossless transmission line.

e The most fundamental signal integrity
analysis involves defining the board
stackup, which is essential to generating
accurate results.

e Dielectrics, specifically designed to be
used for high-speed design, have a very
low dielectric constant.

¢ Closed-form equation based impedance
calculators are extremely limited in
accuracy and the use of a precision field
solver is mandatory.

* A series resistor can be used to match the
driver to the impedance of the transmis-
sion line.

e Termination is required if the trace length
exceeds one sixth of the electrical length
of the rising edge rate.

* High-speed digital design is all about
controlling impedance. PCBDESIGN
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