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Abstract

As data rates increase, crosstalk becomes an increasingly important issue. Crosstalk
aggressors can attack both amplitude and timing characteristics of the victim signal. The
effects of crosstalk on the jitter of a victim signal are not well understood because
crosstalk does not fit neatly into the standard definitions of jitter components. As a result,
most commercially available jitter analyzers misinterpret crosstalk. We investigate the
effects of various types of crosstalk aggressors on a victim signal in a transceiver, with
particular emphasis on jitter. We also demonstrate cases where crosstalk is misinterpreted
as random jitter (RJ), periodic jitter (PJ), or intersymbol interference (1SI).
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Background and Motivation

In the field of high-speed data communications, crosstalk becomes an increasingly
important issue as data rates increase. Crosstalk can occur anywhere in the system, such
as the silicon die, package, or printed circuit board. Crosstalk can affect the voltage
and/or timing characteristics of the victim signal, depending on the nature of the coupling
between the aggressor and victim. The effects of crosstalk on the victim’s voltage are
straightforward [1]. However, the effects of crosstalk on the victim’s timing jitter are less
understood.

The theories and practices of high-speed timing jitter are well established. Quantities
such as random jitter (RJ), periodic jitter (PJ), data-dependent jitter (DDJ), deterministic
jitter (DJ), and total jitter (TJ), are well-understood and widely accepted [2]. However,
only minimal consideration has been given to crosstalk phenomena in the form of
bounded, uncorrelated jitter (BUJ) [3,4].

Since jitter caused by crosstalk is not clearly addressed by the standard definitions of
jitter components, most commercially available jitter analyzers are unable to measure it
and may misinterpret it as one of the common components of jitter, such as RJ, PJ, or
DDJ. In particular, if the victim’s RJ rms value is contaminated, the estimated total jitter
is even more severely impacted. We examine real-life situations for each of these cases.
This knowledge will help engineers diagnose crosstalk issues by recognizing its effects.

What is Crosstalk?

Crosstalk, and noise coupling in general, is defined as an interference between two
signals in such a way that one signal creates an undesired effect in another signal [5].
Within this broad definition, we can define two categories of crosstalk. In one category,
the aggressor signal primarily affects the voltage characteristics of the victim signal. In
the other category, the aggressor signal primarily affects the timing characteristics of the
victim signal.

For an aggressor attacking a victim’s voltage, the coupling mechanisms are generally
inductive and/or capacitive between the two signals [5]. Typically, this is caused by two
signal traces being in close proximity to each other. Naturally, any impact on the voltage
of the victim will have a secondary effect on the timing of the victim due to slopes of the
transition edges. This type of coupling has been explored extensively and is generally
well-understood [1].

For an aggressor attacking a victim’s timing, the coupling is usually between the
aggressor and the victim signal’s power supply or clock. The result is that the aggressor
corrupts the timing of the victim signal. This type of coupling is often discussed, but not
always well understood.

In addition to the coupling mechanism, the effects of crosstalk strongly depend on the
relationships between various properties of the aggressor and victim signals such as data
rate, phase, and data pattern.



Signal Spectra vs. Jitter Spectra

When considering issues in signal integrity and jitter, it is important to clarify concepts
such as power spectrum and jitter spectrum. Figure 1 shows plots for a voltage waveform,
power spectrum, jitter time interval error (TIE) [6], and jitter spectrum.
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Figure 1: Relationships between waveform, waveform spectrum, jitter, and jitter spectrum.

The voltage waveform is the signal seen in a typical oscilloscope with time on the x-axis
and voltage on the y-axis. This is how the signal is commonly visualized. The power
spectrum is the Fourier transform (or equivalent) of the waveform with frequency on the
x-axis and typically power on the y-axis.

The jitter TIEs are the timing errors of the data obtained by demodulation from the
waveform. The TIE shows the fluctuation of jitter as a function of time. Because jitter is
expressed in units of time, the TIE plot has units of time in both axes. The jitter spectrum
is the Fourier transform (or equivalent) of the jitter TIE with frequency on the x-axis and
time on the y-axis.

In crosstalk cases where an aggressor attacks a victim’s voltage, the aggressor’s
waveform is coupled to the victim’s waveform. Equivalently, the aggressor’s power
spectrum is coupled to the victim’s power spectrum. However, for an aggressor attacking
a victim’s timing, the aggressor’s waveform is coupled to the victim’s jitter TIE.
Equivalently, the aggressor’s power spectrum is coupled to the victim’s jitter spectrum.
These differences are crucial to understanding the effects of crosstalk.

Spectra for Common Data Waveforms

It is intuitive to think about noise coupling between the aggressor and victim in the time
domain. But in order to have a full understanding of crosstalk, significant consideration
must be given to the frequency spectra of the signals. The spectra of data waveforms are
often non-intuitive, especially when coupling mechanisms are considered. We review the



fundamentals of frequency spectra for common signals, then builds up an understanding
of spectra for more complicated waveforms.

Waveform Spectra

For a single, non-repeating square pulse of width T and instantaneous rise and fall times,
the corresponding power spectrum is the familiar continuum of frequencies represented
by a rectified sinc (sin(x)/x) function (Figure 2). We define a fundamental frequency f, =
1/To. This spectrum has zeros at multiples of fo, and peaks at odd multiples of fo/2. Since
the square pulse serves as the basic building block for waveforms of binary digital data,
the corresponding spectrum is important in the understanding of power spectra for data
waveforms.
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Figure 2: Simulated waveform and spectrum for a square pulse.

Figure 3 shows the measured continuous spectrum of a square pulse. The measurement
closely matches the expectation. Note that the magnitude in Figure 2 is in a linear scale
while the magnitude in Figure 3 is in a logarithmic scale.
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Figure 3: Measured spectrum for a square pulse.

For a square wave with pulse width of Ty and period of 2T, also with instantaneous rise
and fall times (Figure 4), the corresponding spectrum is also familiar, consisting of
discrete spectral lines at odd harmonics of the fundamental frequency fo/2. The
frequencies and relative amplitudes of the spikes of the square wave match the peaks of
the side lobes of the square pulse’s spectrum due to the same pulse widths in both signals.
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Figure 4: Simulated waveform and spectrum for a square wave. The dotted line is a rectified sinc function.

Figure 5 shows the measured discrete spectrum for a square wave. The measurement
closely matches the expectation. However, Figure 5 shows small artifacts at the even
harmonics and the background noise, suggesting that the laboratory signal source did not
produce an ideal square wave.
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Figure 5: Measured spectrum for a square wave.

Figure 6 shows the waveform and spectra for a repeating short data pattern (k28.5, 20 bits
in length) with a unit interval (Ul) of Ty and instantaneous rise and fall times. While the
waveform is easily recognizable, the corresponding spectrum is probably unfamiliar to
most. The spectrum consists of many discrete lines whose relative amplitudes are
bounded by a rectified sinc envelope.
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Figure 6: Simulated waveform and spectrum for a k28.5 data pattern. The dotted line is a rectified sinc

function.




This data pattern repeats every 20T,. The pattern repeat frequency is defined as fpy; =
1/(20T,) = fo/20. The entire data pattern can be thought of as an arbitrary waveform that
repeats every 20Ty. A Fourier series of this arbitrary waveform consists of the
fundamental frequency fpq: and harmonics.

Figure 6 shows that the fundamental frequency of these discrete lines is fo/20, which
agrees with the above analysis. However, it is also notable that the spectrum has only odd
harmonics of fpy because the k28.5 pattern has odd symmetry.

Figure 7 shows the measured spectrum for a k28.5 pattern. Again, the measurement
closely matches the expectation from the simulation, including the presence of only the
odd harmonics of fpjt.
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Figure 7: Measured spectrum for a short data pattern (k28.5).

Figure 8 shows the waveform and spectrum for a longer data pattern (PRBS 2'-1, 127
bits in length). This spectrum also consists of numerous discrete lines bounded by a
rectified sinc envelope.

For this pattern, fpa = fo/127. As with the previous case, the discrete spectrum has a
fundamental frequency of fp, and harmonics. All harmonics are present because PRBS
2'—1 has no symmetry.
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Figure 8: Simulated waveform and spectrum for a PRBS 21 data pattern. The dotted line is a rectified
sinc function.



Figure 9 shows the measured spectrum for a PRBS 2’1 pattern. The measurement also
closely matches the expectation from the simulation, showing a dense set of discrete lines
at multiples of fpy bounded by a rectified sinc function.
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Figure 9: Measured spectrum for a longer data pattern (PRBS 2'-1).

Several conclusions about the spectra of data patterns can be drawn from these
simulations and laboratory demonstrations. The spectral profile is bounded by an
envelope given by the spectrum of the basic unit of the waveform. In this case, the basic
unit is a square pulse and the corresponding spectrum is a rectified sinc function.

Repeating data patterns have spectra that consist of discrete lines. The spacing of the
discrete lines is inversely proportional to the pattern length. Short patterns have wide line
spacing and vice versa. For an infinitely long, non-repeating pattern, the spectral line
spacing is infinitesimal, effectively making the spectrum continuous.

It is important to note that, for both simulation and measurement, the resolution
bandwidth window of the spectrum can alter the appearance of the spectrum. If the
resolution bandwidth is greater than the spacing of the discrete lines, the discrete lines
would not be resolved and the spectrum would appear to be continuous. In order to
resolve the discrete lines, the resolution bandwidth of the spectrum must be smaller than
the line spacing.

Coupling Spectra (Delta Functions)

For capacitive or inductive coupling, the aggressors couple to the victims by L(dl/dt) or
C(dV/dt), respectively. Both mechanisms depend on the time derivative of the aggressor
waveform. For an ideal signal with zero rise and fall times, the time derivative of the
waveform results in positive and negative Dirac delta functions, respectively.

Thus, the aggressor’s coupling spectra are different from the waveform spectra shown in
Section 0. For the single, non-repeating square pulse shown in Figure 2, the time
derivative of the waveform and corresponding spectrum is shown in Figure 10. The
derivative of the square wave consists of one positive delta function and one negative
delta function, corresponding to the rising and falling edges, respectively.

































