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Transmission Line Losses

by Barry Olney
IN-CIRCUIT DESIGN PTY LTD / AUSTRALIA

As digital systems evolve and demand for
new technology pushes the envelope for smaller
and faster systems, transmission line losses, pre-
viously considered to be negligible, are becom-
ing a primary design concern. Pragmatic effects
such as frequency-dependent losses come into
play at clock frequencies above 1 GHz and are
of particular concern for fast rise time signals,
with long trace lengths, such as multigigabit
serial links. This frequency dependence causes
rise time degradation and reduces the upper
bandwidth of the signal resulting in reduced
channel data transfer. In this month’s column,
I will look at the impact of transmission line
losses on signal integrity.

In an ideal world, where transmission line
losses are independent of frequency, the en-
tire signal waveform would uniformly decrease
in amplitude, over distance, and the rise time
would remain constant. This reduction in am-
plitude could easily be compensated for by ap-
plying gain (cranking up the volume) at the re-
ceiver. However, in practice, as signals propagate
along a lossy transmission line, the amplitude
of the high-frequency components is reduced,
in magnitude, whereas the low-frequency com-
ponents are unaffected. This selective attenua-
tion, of high-frequency components, is the root
cause of intersymbol interference (ISI) and col-
lapse of the signal eye as in Figure 1.

Yertical] 100 mV¥{div offset: -220mV

-Wl i --

60.00 80.00

100.00 120.00 140.00

220.00

160.00 180.00 200.00
Time (ps)

Figure 1: Lossy transmission line with collapsing eye (simulated in HyperLynx).
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Figure 2: Resistance vs. frequency (5 mil, 1 oz,
50 ohm trace).

The capacitive and inductive properties of
the transmission line do not, in themselves,
absorb the high-frequency components of the
signal but rather, the energy is reflected back to
the source creating ringing and overshoot un-
less absorbed by a source termination.

To quantify the RF losses of a transmission
line, one needs to consider the attenuation of
each mechanism that can be broken down into
at least four major components that are accu-
mulated: metal loss, dielectric loss, conductivity
of the dielectric and stray radiation.

The flow of charge through a material causes
energy dissipation. The loss in both microstrip
(outer layer) and stripline (inner layer) con-
ductors may be broken down into two compo-
nents: DC and AC losses. DC, in this context, is
anything below 1 MHz. Although DC losses are
not generally applicable to high-speed design,
resistive drops can encroach on logic threshold
levels and noise margins of multi-drop systems

such as long DDR3/4 address, command and
control bus routing associated with SODIMM
memory modules. However, on-board memory
has typically less than three inches of signal
length, and as such does not exhibit this issue.
For a typical 5 mil-wide trace, of 1.4 mil
thickness (1oz Cu), one inch in length, the re-
sistance, in the signal path at DC, is typically 0.1
ohm/inch. The bulk resistivity of copper-and
most other metals-is constant with frequency
until frequencies near 100 GHz. However, it is
the skin effect that imposes a frequency depen-
dency on conductors as shown in Figure 2.
AC—frequency-dependent—conductor
losses can be resistive or inductive. At low fre-
quencies, the resistance and inductance assume
DC values, but as the frequency increases, the
cross-sectional current distribution, in the trans-
mission line and reference plane(s), becomes
non-uniform and moves to the exterior of the
conductor. The current is forced into the outer
surface of the copper, due to the skin effect, dra-
matically increasing loss. This redistribution of
current causes the resistance to increase and the
loop inductance per length to decrease. As fre-
quency increases beyond 1GHz, the resistance
continues to increase while the loop inductance
reaches a limiting value—the external induc-
tance. The higher the frequency, the greater the
tendency for current to flow in the outer surface
of the conductor. The AC resistance will remain
approximately equal to the DC resistance until
the frequency increases to a point where the skin
depth is smaller than the conductor thickness.
In a microstrip structure (Figure 3, left) the
current (blue) will flow under the trace closest
to the reference plane and only use the copper
to the skin depth of the applicable frequency.
However, in a stripline structure (right), the cur-
rent will flow on both the top and bottom of

J Skin L

Depth

Figure 3: Skin depth of microstrip (left) and stripline (right) traces.
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the trace and the proportion will depend on the
proximity, of the trace, to the upper and lower
reference planes that will share the return cur-
rent. Essentially, routing in symmetric stripline
structure doubles the current carrying capacity,
of conductors, at high-frequencies.

There are two frequency-dependent process-
es that attenuate signals in a transmission line:
the series resistance through the signal and re-
turn path conductors, and the shunt resistance
through the lossy dielectric material.

Dielectric losses can also be broken down
into two components: DC and AC losses. Since
dielectric materials, used to fabricate PCBs, are
not perfect insulators, there is a small DC loss
associated with the DC drop across the mate-
rial, between a signal conductor and reference
plane(s). The direct current that flows in the ca-
pacitor, formed by the structure, is referred to as
leakage current. However, the conductor losses
are dominant and the DC loss is usually negli-
gible. But as frequency increases, the AC loss also
increases. Subsequently, it is important to under-
stand the fundamental mechanisms that cause
the dielectric losses to vary with frequency.

AC dielectric loss is the dissipation of en-
ergy, through the movement of charges, in an
alternating electromagnetic field as polarization
switches direction. When a voltage is applied
across a capacitor, an electric field is generated.
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This field will cause the dipoles, in the dielec-
tric, to align with the field. The motion of these
dipoles, alternating from one electrode to the
other, appears as a transient current through
the material. At high frequency, the conductiv-
ity increases due to the increased motion of the
dipoles. The measure of the number of dipoles,
in a material, and how far each can rotate, in
the applied field, is called the dissipation factor
(Df) or loss tangent () of the material.

Another important property of dielectric
materials is the dielectric constant (Dk) or rela-
tive permittivity (Er). Dk is the ratio of the
amount of energy stored in a material by an ap-
plied voltage, relative to that stored in a vacu-
um. If a material with a high dielectric constant
is placed in an electric field, the magnitude of
that field will be measurably reduced within
the volume of the dielectric. Therefore, a lower
Er is desirable for high-frequency design. Also,
dielectric loss tends to be lower in materials
with lower dielectric constants—which is also
beneficial.

With so many materials to choose from,
which are the best for your specific application?
There are a number of factors to be considered:

* Low cost generally means low quality.
¢ The price of poor yield drives up the final
material cost.
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Figure 4: Taiwan Leader, FR4135 vs. Isola, I-Speed material (Source: iCD Design Integrity).
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e Different materials are available locally
compared to offshore.

e Materials are cheap in mass production
compared to prototypes.

As an example, a low-cost FR-4 material
such as Taiwan Leader FR413S5 core has a Dk
of 4.8 and Df of 0.022 specified at 1 MHz. On
the other hand, a high-speed, 20 GHz material,
Isola I-Speed (spread glass weave) material has
a Dk of 3.55 and a Df of only 0.0059. Spread
weave glass also helps eliminate skew and has
far less loss than the standard FR-4 material. Se-
lection of the most appropriate dielectric mate-
rial is in important consideration for product
performance. Figure 4, shows the properties of
both materials in the iCD Dielectric Materials
Library of over 31,000 rigid and flexible materi-
als to 100 GHz.

Finally, while radiation loss is important,
when it comes to electromagnetic compliancy
(EMCQ), in practice the amount of energy lost to
radiation is very small compared to other loss
processes, and this mechanism will have little
impact on the received signal.

As frequencies increase, engineers and PCB
designers not only have to contend with tech-
nical challenges such as system timing, cou-
pling, impedance discontinuities and radiation,
but must also deal with a significant number
of frequency dependent variables. However,
choosing the right stackup and the most appro-
priate dielectric material, for your application,
are a good start to reliable performance by in-
creasing bandwidth and improving signal and
power integrity.

Points to Remember

e The frequency dependence of transmis-
sion lines causes rise time degradation and re-
duces the upper bandwidth of the signal result-
ing in reduced channel data transfer rate.

¢ As signals propagate along a lossy transmis-
sion line, the amplitude of the high-frequency
components is reduced, in magnitude, whereas
the low-frequency components are unaffected.

e High-frequency components are reflected
back to the source, creating ringing and over-
shoot unless absorbed by a source termination.

e The skin effect imposes a frequency de-
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pendency on conductors.

¢ As the frequency increases, the current is
forced into the outer surface of the copper, due
to the skin effect, dramatically increasing loss.

e The AC resistance will remain approxi-
mately equal to the DC resistance until the
frequency increases to a point where the skin
depth is smaller than the conductor thickness.

¢ Routing in symmetric stripline structure
essentially doubles the current carrying capac-
ity, of conductors, at high-frequencies.

¢ AC dielectric loss is the dissipation of en-
ergy, through the movement of charges, in an
alternating electromagnetic field as polariza-
tion switches direction. At high frequency, the
conductivity increases due to the increased mo-
tion of the dipoles.

e A low Dk is desirable for high-frequency
design. Also, dielectric loss tends to be lower in
materials with lower dielectric constants—which
is also beneficial.

e Selection of the most appropriate dielec-
tric material is in important consideration for
product performance.

e The amount of energy lost to radiation is
very small compared to other loss processes.
PCBDESIGN
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