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The Dark Side — Return of the Signal

by Barry Olney
IN-CIRCUIT DESIGN PTY LTD / AUSTRALIA

All PCB designers should be aware of the
impact of crosstalk on signal integrity. As sig-
nal traces come into close proximity, of an ag-
gressor signal, part of that signal is uninten-
tionally electromagnetically coupled into the
victim trace as noise. I have mentioned before
that current flow is a round trip—the current
must return to the source to complete the loop.
What about crosstalk in the return path, of the
reference planes, as the current weaves its way
back through the expansive wasteland of cop-
per? This month’s column follows on from my
April column, “Return Path Discontinuities,”
and elaborates on crosstalk in the unseen “dark
side” of the signal.

I guess we all think of a copper plane as a
thick, solid plate of copper that can basically
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handle any amount of current we sink into it.
It also serves to make the circuit layout easier,
allowing the PCB designer to ground anything,
anywhere without having to run multiple tracks.
That may well be the case with DC or very low-
frequency analog circuits, but certainly not in
the case of high-speed design. The return cur-
rent takes the path of least inductance in the
nearest plane(s). Returning signal currents tend
to stay in close proximity to their signal con-
ductors, falling off in intensity with the square
of increasing distance.

However, as the frequency increases, the
current is forced into the outer surface of the
copper, due to the skin effect, dramatically in-
creasing loss leaving a section of unused copper
in the center of the plane. This redistribution

2

Figure 1: See you on the dark side of the moon (Courtesy of NASA).
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of current causes the resistance per length to
increase and the loop inductance per length to
decrease. As frequency increases beyond 1 GHz,
the resistance continues to increase while the
loop inductance reaches a limiting value. The
higher the frequency, the greater the tendency
for current to flow in the outer surface of the
conductor. The skin depth is given by:

2
2nf po

where & is the skin depth in microns, f is the fre-
quency in MHz, y is the magnetic permeability
(4 = x 107H/m) and o is the copper conductiv-
ity, typically (5.6 x 107 S/m).

Looking at this equation, it is apparent that
skin depth decreases with increased frequency.
Figure 2 shows the skin depth compared to fre-
quency. At low frequency (1 MHz), the skin
depth is 66 um but this decreases to 0.66 pm
at 10 GHz. Above 1 GHz, only the very outer
surface of the plane conducts the current. The
red horizontal lines represent the plane copper
weight and thickness. This shows that at about
30 MHz, a signal traveling in a 20z (17.78 pm)
copper plane would not use the entire plane
cross-section but rather the skin effect would be-
gin to have an impact. This implies that at high
frequencies, the thickness of the copper plane is
irrelevant; %2 oz and 3 oz copper will have the
same surface conduction area and hence will
only transfer the same amount of current.

1oz (35.56um) copper

Skin Depth (um)

1 10 100 1000 10000
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v

Figure 2: Skin depth (um) vs. frequency (MHz).
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Figure 3: Microstrip return current density.

As seen in Figure 3, the return current dis-
tribution, in the plane surface of a microstrip
configuration, is reduced as the distance to the
center of the trace increases. Here we see a bal-
ance of two opposing forces:

¢ Too narrow a distribution increases
inductance as narrow traces have more
inductance than broad ones

* Too broad a distribution increases
inductance by increasing the loop area

So, there is a sweet spot where the total en-
ergy stored in the electromagnetic (EM) field
surrounding the trace is optimized. Crosstalk
between two or more conductors depends on
their mutual inductance and mutual capaci-
tance. The inductance plays the major role in
this coupling. The signal return currents will
generate EM fields. Those EM fields, in turn, in-
duce voltages (crosstalk) into other signals.

It can be seen in Figure 4 that the differen-
tial impedance or the coupling of two parallel
traces, levels off at 100 ohms above 12 mils trace
clearance (blue curve). This is simulated quickly
by multiple passes of the field solver. All other
factors being equal, the differential impedance
will always be 100 ohms regardless of increased
spacing. This also represents the point at which
crosstalk (coupling) begins. This curve provides
a clear map of the design space and efficiently
defines the stackup configuration for single end-
ed and coupled pairs. In this case, once the sepa-
ration is less than 12 mils, the two traces begin
to couple and transfer electromagnetic energy.
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Figure 4: Coupling levels off above 12 mils sepa-
ration (simulated by the iCD Stackup Planner).

The easiest way to reduce crosstalk, from
a nearby aggressor signal, is of course to in-
crease the spacing between the signals in ques-
tion. Doubling the spacing cuts the crosstalk
to roughly a quarter of its original level. How-
ever, crosstalk is determined by the ratio of the
trace separation and also the height of the trace
above the plane. By varying the trace height,
one can also control the coupling-hence cross-
talk. If real estate is limited, then this may be
a better solution rather than increasing routing
density. A tight coupling (less height) results in
less crosstalk.

The return current distribution of two par-
allel traces (Figure 5) shows an overlap of cur-
rent in the surface of a microstrip plane. In fact,
the overlap will be larger at lower frequencies
where the return currents tend to spread out
and not follow a tight path under the trace.
Also, as the voltage increases so does the cou-
pled noise. This is a good reason not to inter-
mingle dissimilar technologies but rather keep
them isolated.

If we look into it further, the degree of
crosstalk is also dependent on several oth-
er factors including driver strength (which
can normally be adjusted in the firmware),
transmission line length, how far the seg-
ments run closely in parallel and signal rise
time. In the case of long transmission line
lengths, a series terminator slows the signal
rise/fall time and reduces reverse-coupled

THE DARK SIDE - RETURN OF THE SIGNAL

Retrun Current Density %

=30 -20 -10 0 10 0 30 40 50

Proximity to center of trace (milfum)
— A —

—

Figure 5: Parallel traces and return path
crosstalk.

crosstalk at the near end improving crosstalk
considerably.

With all of these issues, to take into ac-
count, how do we ever get high-speed transmis-
sion lines, particularly those with wide parallel
buses, to work efficiently? Fortunately, synchro-
nous buses, as typically used in DDRx designs,
benefit from an extraordinary immunity to
crosstalk. Crosstalk only occurs when the sig-
nals are being switched and this crosstalk only
has an affect within a small window around the
moment of clocking. So, providing the receiver
waits sufficiently long enough for the crosstalk
to settle before sampling the bus, the crosstalk
has no impact on the signal quality at the re-
ceiver. It’s all about timing—ensuring that the
required setup and hold times are provided at
the receiver.

Remember: “Beware the dark side. Anger,
fear, aggression; the dark side of the Force are they.
Easily they flow, quick to join in a fight. If once
you start down the dark path, forever will it domi-
nate your destiny, consume you it will.” —Yoda

Points to Remember
¢ Current must return to the source to
complete the loop.
¢ Returning signal currents tend to stay in
close proximity to their signal conductors,
falling off in intensity with the square
of increasing distance.
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¢ As the frequency increases, the current is
forced into the outer surface of the copper,
due to the skin effect.

e Skin depth decreases with increased
frequency.

¢ At high frequencies, the thickness of the
copper plane is irrelevant—Y2 oz. and
3 oz. copper will have the same surface
conduction area.

e There is a sweet spot where the total
energy stored in the electromagnetic field
surrounding the trace is optimized.

¢ The signal return currents generate EM
fields. Those EM fields, in turn, induce
voltages (crosstalk) into other signals.

¢ The easiest way to reduce crosstalk is to
increase the spacing between the signals
in question.

e Crosstalk can also be controlled by
varying the trace height, above the plane.
A tight coupling (less height) results in
less crosstalk.

¢ The return current distribution of two
parallel traces shows an overlap of current
in the surface of a microstrip plane.

¢ To minimize crosstalk do not to
intermingle dissimilar technologies but
rather keep them isolated.

e Synchronous buses, as typically used in
DDRx designs, benefit from an
extraordinary immunity to crosstalk.

e Ensure that the required setup and hold
times are provided at the receiver.
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Erasable Ink for 30 Printing

Researchers of Karlsruhe Institute of Technology
(KIT) have now developed a method to erase the
ink used for 3D printing. In this way, small struc-
tures of up to 100 nm in size can be erased and
rewritten repeatedly. This development opens up
many new applications of 3D fabrication in biol-
ogy or materials sciences.

“Developing an ink that can be erased again
was one of the big challenges in di-
rect laser writing,” Professor Chris-
topher Barner-Kowollik of KIT’s
Institute for Chemical Technology
and Polymer Chemistry says.

The process was developed in
close cooperation with the group
of Professor Martin Wegener at the
Institute of Applied Physics and the

Institute of Nanotechnology of KIT.

Structures written with erasable ink can be in-
tegrated into structures made of non-erasable ink:
Support constructions can be produced by 3D
printing, which are similar to those used when
building bridges and removed later on. Recently,
such structures were designed by KIT to grow cell
cultures in three dimensions on the laboratory

scale.

“During cell growth, parts of the
3D microscaffold could be removed
again to study how the cells react

ol to the changed environment,” We-
gener explains. According to the sci-
entists, it is also feasible to produce
reversible wire bonds from erasable
conducting structures in the future.
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