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Abstract—Oftentimes, it is necessary to route a signal between
multiple, different printed circuit board reference planes in route
to a receiver. In this case, it is desired to understand the radiated
emissions that result from such signal propagation when the
propagating signal is coupled onto an unshielded differential
cable that delivers the signal to a matched receiver. In such
cases, impedance discontinuities exist at the locations where the
signal jumps between any two reference planes. The pairs of
reference planes are typically classified as power-ground planes,
or ground-ground planes. The ground-ground classification can
pertain to either different ground planes or the top and bottom
sides of the same ground plane. Reflections can exist between
adjacent discontinuities, as well as between the source and the
first discontinuity, and between the receiver and the last
discontinuity. If the source and receiver are both matched to
their transmission line segments, then no reflections will exist at
either the source or the load. This paper discusses the
electromagnetic interference and the subsequent electromagnetic
compatibility that is due to the cable when the source and
receiver are both matched to their transmission lines.

I. INTRODUCTION
When routing a signal throughout a printed circuit board, it
is very possible that this signal may need to be routed between
multiple different reference planes, before being coupled onto
an unshielded differential cable. In this situation, impedance
discontinuities exist at the locations of the signal jumping. As
a result of these impedance discontinuities, reflections will
occur between the discontinuities and either the source or the
load. If both the source and the load are matched to their
transmission line segments, then no reflections will occur at
either the source or load locations. However, reflections can
still occur between adjacent discontinuities, for example. This
paper discusses the resulting electromagnetic interference
from the case in which a 200Mbps signal jumps between
different reference planes several times, and is then coupled
onto an unshielded differential cable. This coupling to the
cable can be accomplished through the use of a transformer,
for example. This paper also ignores the reflections that occur
between adjacent discontinuities.
In other words, the
electromagnetic interference that is addressed in this paper
relates to only the primary forward travelling signal, and does
not consider reflections between adjacent discontinuities that
ultimately make it to the receiver. This issue will be
addressed in a future paper.

II. SIMULATION RESULTS
Figure 1 shows the simulation results of the frequency
response at the input to the cable when the signal jumping
before the cable includes one case of jumping between a
power plane and a ground plane, one case of jumping between
two different ground planes, and one case of jumping between
both sides of the same ground plane. In this simulation, the
via parasitic capacitance is equal to 1.0pF for all vias, and the
via inductance is 1.0nH for all vias. In addition, when the
signal jumping is between a power plane and a ground plane,
it is assumed that a surface mountable capacitor connects the
power plane to the closest via that then connects to the nearest
ground plane. This capacitor is assigned a value of 0.01
F
and is characterized with a parasitic inductance of 1.0nH, as
well as a parasitic resistance of 0.2.

Fig. 1. Frequency response at the input to the cable, and when there is one
case of jumping between a power plane and a ground plane, one case of
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jumping between two different ground planes, and one case of jumping
between both sides of the same ground plane (red). The blue curve
corresponds to the case in which no signal jumping oc curs between the source
and the input to the cable.

On the other hand, Fig. 2 highlights the frequency response
when there are two cases of jumping between a power plane
and a ground plane, two cases of jumping between two
different ground planes, and two cases of jumping between
both sides of the same ground plane. The addition of twice
the number of jumps tends to increase the signal attenuation,
as well as the width and depth of the notch that occurs at
5GHz. As long as the risetime of the propagating signal, t r, is
such that the associated frequency, 1/(2tr ) Hz, is significantly
below the location of the notch frequency, then minimal signal
degradations should occur. It is then expected that risetimes
greater than about 500ps will experience little signal
degradations.

Fig. 3. Frequency response at the input to the cable, and when there are two
cases of jumping between a power plane and a ground plane, one case of
jumping between two different ground planes, and one case of jumping
between both sides of the same ground plane (red). The blue curve
corresponds to the case in which no signal jumping occurs between the source
and the input to the cable.

Fig. 2. Frequency response at the input to the cable, and when there are two
cases of jumping between a power plane and a ground plane, two cases of
jumping between two different ground planes, and two cases of jumping
between both sides of the same ground plane (red). The blue curve
corresponds to the case in which no signal jumping occurs between the source
and the input to the cable.

If the total number of signal jumps includes two cases of
jumping across a power plane and a ground plane, as well as
one case of jumping across two different ground planes, and
one case of jumping across both sides of the same ground
plane, then Fig. 3 highlights this frequency response. In this
case, a resonance at around 5.8GHz emerges, and the notch
frequency of 5GHz remains, however, the strength of the
notch is significantly lowered. Although a resonance occurs

Fig. 4. Input signal with a 500ps risetime (black), the output signal with
signal jumping (red), and the output signal without signal jumping (blue).

at 5.8GHz, it is really the notch frequency of 5GHz that
should be avoided because it occurs at a lower frequency.
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Figure 4 shows the time-domain waveforms that are
associated with the frequency response from Fig. 1. Note that
the signal jumping imposes negligible signal degradations on
the signal that is fed to the cable.
As can be seen from Fig. 4, the input, and output
waveforms appear nearly identical. On the other hand, Fig. 5
shows the output waveforms associated with the frequency
response from Fig. 3. Figure 5 highlights the time-domain
waveforms when only four cases of jumping between a power
plane and a ground plane are encountered by the propagating
signal. As can be seen from Fig. 5, ringing appears on the
flattop portions of the output signal with the signal jumping.
If in addition to the four signal jumps between a power
plane and a ground plane, the signal also jumps between two
different ground planes, as well as both sides of the same
ground plane, then Fig. 6 shows the results. In this situation,
the two additional signal jumps relating only to groundground jumping provides some low-pass filtering of the
ringing on the flattop portions of the output signal from the
previous case shown in Fig. 5. Given these various scenarios
of signal jumping across various reference planes, it is of
interest to understand the subsequent radiated emissions for
the output signals from Figs. 5-6 when these signals are
coupled onto a 1m long, 100 differential transmission line
through some means such as a center-tapped transformer, for
example.

Fig. 5. Input signal with a 500ps risetime (black), output signal with signal
jumping (red), and output signal without signal jumping (blue).

Figure 6 shows the radiated emissions spectra for the signal
propagating along the cable without any signal jumping (blue),
as well as with the four ground plane-to-power plane signal
jumps (red) from Fig. 5. In this case, signal jumping between
the power and ground planes places a more significant
shielding requirement on the cable. At around 5.8GHz, the
additional shielding requirement is about 23dB for case of
signal jumping. Without signal jumping, the shielding
requirement for the cable in order to just pass the radiated
emissions test is about 10dB through 10GHz.

Fig. 5. Input signal with a 500ps risetime (black), output signal with signal
jumping (red), and output signal without signal jumping (blue).
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corresponds to the case in which no signal jumping occurs between the source
and the input to the cable.

23dB

Fig. 6. Radiated emissions at the output of the cable when there are four
cases of jumping between a power plane and a ground plane (red) in route to
the input of the cable . The blue curve corresponds to the case in which no
signal jumping occurs between the source and the input to the cable.

Therefore, only when jumping between power and ground
planes several times, the additional ringing that appears on the
flattop portion of output signal places a significant shielding
requirement on the differential cable in order to just pass the
radiat ed emissions test. On the other hand, Fig. 7 shows the
radiated emissions spectra when one additional signal jump
occurs between two different ground planes, and when a
second additional signal jump occurs between both sides of
the same ground plane.

From Fig. 7, it is clear that the additional jumping between
two different ground planes and between the two sides of the
same ground plane produced negligibly different radiated
emissions spectra. Therefore, it appears that if multiple signal
jumps occur between a power plane and a ground plane, then
the printed circuit board designer needs to add additional
signal jumps between either two different ground planes or the
two sides of the same ground plane in order to demonstrate
compliance with a required radiated emissions test.
If only one additional signal jump between two different
ground planes is added to the four signal jumps between a
power plane and a ground plane, then Fig. 8 shows the
radiated emissions results. In this case, the additional
shielding requirement is about 11dB, instead of 23dB from
Fig. 6. On the other hand, if the additional signal jump is
between both sides of the same ground plane, then Fig. 9
shows the results. In this situation, the shielding requirement
is about 21.5dB, which is nearly equal to the shielding
requirement when only the signal jumping between the power
and ground plane exists, which was shown in Fig. 6, and was
equal to about 23dB. From Figs. 8-9, it is clear that minimally
one additional signal jump between two different ground
planes and one additional signal jump between two sides of
the same ground plane are needed to nearly match the radiated
emissions profile when no signal jumping exits.

Fig. 8. Radiated emissions at the output of the cable, and when there are four
cases of jumping between a power plane and a ground plane, and one case of
jumping between two different ground planes (red). The blue curve
corresponds to the case in which no signal jumping occurs between the source
and the input to the cable.
Fig. 7. Radiated emissions at the output of the cable, and when there are four
cases of jumping between a power plane and a ground plane, one case of
jumping between two different ground planes, and one case of jumping
between both sides of the same groun d plane (red). The blue curve

From Fig. 9, it is clear that adding one case of signal jumping
between both sides of the same ground plane does not provide
any significant low pass filtering of the ringing, as expected.
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Fig. 9. Radiated emissions at the output of the cable, and when there are four
cases of jumping between a power plane and a ground plane, and one case of
jumping between both sides of the same ground plane (red). The blue curve
corresponds to the case in which no signal jumping occurs between the source
and the input to the cable.

If the two additional signal jumps are between two different
ground planes, then Fig. 10 shows the results. From Fig. 10, it
is clear that the radiated emissions arising from this situation
is nearly identical to the radiated emissions profile from Fig.
7. For the sake of completion, Fig. 11 shows the time-domain
waveforms at the input to the cable.

Fig. 10. Radiated emissions at the output of the cable, and when there are
four cases of jumping between a power plane and a ground plane, and two
cases of jumping between two different ground planes (red). The blue curve
corresponds to the case in which no signal jumping occurs between the source
and the input to the cable.
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Fig. 11. Input signal with a 500ps risetime (black), output signal with signal
jumping (red), and output signal without signal jumping (blue).

Note that Fig. 11 shows only slight signal degradations with
respect to the case in which signal jumping is not present.
The two additional signal jumps between two different ground
planes that were inserted into the signal propagation path did
not appear to significantly affect the signal integrity of the
signal that feeds the cable. Therefore, it appears that
whenever multiple signal jumps occur between a power plane
and a ground plane, at least two additional signal jumps
between two different ground planes, or between two different
ground planes and between both sides of the same ground
plane should be inserted into the propagation path in order to
minimize the shielding requirement of the cable.
It is also possible that more than four signal jumps between
a power plane and a ground plane are necessary. As an
example of this situation, when six cases of signal jumping
across a power plane and a ground plane exist along the
propagation path, it was determined through computer
simulations that four additional signal jumps between two
different ground planes were needed in order to require no
additional cable shielding relative to the case in which no
signal jumping occurred. Finally, the four signal jumps
between different ground planes enabled up to eight signal
jumps between a power plane and a ground plane without any
significant signal integrity degradations, and without any
additional cable shielding requirements relative to the case in
which no signal jumping occurred. Although these results
were established with respect to an input signal with a 500ps
risetime, it is expected that input risetimes exceeding 500ps
might require fewer signal jumps between different ground
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planes. On the other hand, if the input risetime is less than
500ps, then it is expected that more signal jumps between
different ground planes will be required in order to minimize
the shielding requirements of the cable. The material covered
throughout this paper can be studied through the interactive
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signal integrity learning environment that is available at
www.the-signal-and-power-integrity-institute.com.

