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Abstract
We compare two approaches where the structure of the eye diagram is considered either as a timing uncertainty or alternatively a vertical uncertainty. We show that only the second view allows accurate BER
evaluation, even if the eye is closed. It follows from BER definition that its proper evaluation should be
based on considering the two portions of the eye diagram, and by their separate integration. With such
understanding of BER, it turns out that the jitter-induced vertical noise can be considered same way as the
signal’s ISI, although correlated with the latter. We propose a method of statistical simulation based on this
view, where the effect of Tx jitter and ISI is considered together. We use the probability mass functions
(PMF) to represent both ISI and jitter contributions, which makes the algorithm simple and physically clear.
Some interesting effects can be explained based on the proposed approach, for example jitter increase with
growing PRBS order of the input pattern.
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Introduction
S ”JITTER” PURELY TIMING UNCERTAINTY or the consequence of vertical uncertainty (i.e. voltage

I

noise) or is noise the consequence of jitter? Which view is more productive for an accurate estimation
of bit error ratio (BER)? In the field of radio frequency (RF) electronics the phenomenon of Amplitude
to Phase conversion and Phase to Amplitude conversion are well known. This body of knowledge concerns
mostly tones and clocks, but there are lessons to be learned for how these concepts translate to serial data
signals. The information in an eye-diagram is composed of both jitter and noise, and often we speak of
“open” eyes and “closed” eyes, but too often we consider only one axis of closure. As the technology of
serial data transmission has developed there has been alternating emphasis on one or the other of the jitter
problem or the noise problem. In the early days of optical links almost all the emphasis was on vertical
noise then more recently, jitter became the focus as timing margins became the harder part of the problem.
Today it would not be unfair to say we have pushed the envelope to the point that both jitter and noise have
roughly equal importance. For Serial Data links, jitter manifests as both a non-uniformity in edge timing
and as “random” variations in edge timing. Often intersymbol interference (ISI) is considered uniquely in
terms of the systematic “jitter” resulting from a lossy transmission medium However, the nature of ISI is
to shape the trajectory of the transmitted signal and its effect on jitter is secondary. The primary cause of
the transmit jitter is non-ideal transition times. ISI, noise, crosstalk and other impairments on the receiver
side, make the threshold level crossing times spread along the horizontal axis. Hence, we can use the
probability density function (PDF) of these crossing times, to estimate BER through integration. Although
the “jitter” view is more common, the “voltage” can be preferred in some jitter analysis techniques. We’ll
demonstrate that proper BER evaluation requires vertical integration of the eye density or histogram, thus
making the “vertical thinking” more productive. Furthermore, we’ll describe a simple but accurate statistical simulation algorithm where transmit jitter, originated at different times, is converted into vertical noise
which at observation point is summed up so that the resulting eye density and BER plots acquire its true
shape, both in vertical and horizontal dimension. We’ll describe a physically clear and accurate approach
for statistical channel analysis in presence of Tx jitter with no simplifying assumptions on edge response
linearization or statistical independence between ISI and jitter components.
The paper is organized as follows. First, we discuss the proper way of finding BER, as a function of the
sample time and voltage. Then, we introduce jitter at receive and transmit end, and explain how it affects
the trajectories of the eye diagram. Then, we analyze the effect of constraining bit combinations, and the
effect it has on the Eye Diagram and BER. Then, we consider the concept of probability mass function,
and formulate the algorithm of statistical analysis in presence of Tx jitter, both random and deterministic.
Finally, we compare our statistical analysis and measurements, for the purpose of correlation. We used
measurement and extracted data from

How to find the BER from the Eye Diagram
The BER is a ratio of the total number of bit errors to the total number of bits correctly transferred. BER
is metric for the probability of a signal to be distorted enough by the time it reaches the receiver that it is
misinterpreted as the incorrect logical value. This very basic definition will help guide us in determining
which method of BER calculation should be considered as the golden standard.
As mentioned earlier there are two distinctly different methods that can be used to evaluate the BER
of a link. Both depend on an integral sum of the area below a PDF. One method depends on integrating
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(a) example waveform piece

(b) eye diagram built from example waveform piece

Figure 1: Waveform and Eye-diagram Example

(a) positive eye density integrated upwards

(b) negative eye density integrated downwards

(c) positive brance of BER

(d) negative branch of BER

(e) combined eye

(f) combined BER

Figure 2: BER Plots
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(a)

(b)

(c)

(d)

Figure 3: Combined and Partitioned Eye Diagrams and BER
along the horizontal/time axis and the other that we will discuss in detail depends on integrating along the
vertical/voltage axis. We will compare the results from both of these methods.
Let’s first examine a method in which we use the vertical eye density distribution for BER evaluation. For convenience, consider a very short waveform - only a few bits long - as illustrated in Figure
1(a). The vertical lines indicate selected sampling times, which become horizontal centers of the 2UI long
trajectories in the eye diagram. The blue and red brackets at the bottom show how the waveform is partitioned into trajectories; with color indicating the sign of the transmitted bit being sampled: red – positive,
blue - negative. The trajectories in 1(b) are colored accordingly. These trajectory’s can be determined
within the simulation domain fairly easily since the stimulus pattern is well known as well as the delay
through the system channel. Likewise, there are methods within the measurement domain to determine
these trajectory’s
With colored trajectories in 1(b), we can evaluate BER. Select any point P k, with arbitrary coordinates,
indicating timing and voltage offset of the sampling event. Since color indicates the sign of the transmitted
bit, the probability of error can be estimated by counting the number of ‘red’ traces below P k (‘1’ read
as ‘0’) and the number of blue traces above P k (‘0’ read as ‘1’). For the points selected in 1(b), such
evaluation gives:
Sample point
P1
P2
P3
P4
P5

BER est.
0
1/7
1/2
2/7
4/7

Comment
All bits correction sampled
2 of total 14 bits sampled incorrectly
7 of 14 incorrectly sampled
4 of 14 incorrectly sampled
8 of 14 incorrect

Evidently, we can place as many sample points as needed and find the BER for all possible (x,y)
3

coordinates, thus making it 2D BER plot. Finding BER is straightforward, regardless of the fact that
the “eye” is open or closed. Similarly, we can build BER from eye diagram in more general case, when
individual trajectories cannot be ‘counted’. However, instead of using colors, we should consider “density”
of trajectories, separately accumulated for positive and negative bits being sampled. In most cases such
selective accumulation is possible, because measurement device or a simulator know the type of the bit
pattern it receives. After the two separate eye-density plots are accumulated, they are integrated to find
the cumulative distribution, either upward or downward. Figure 2 illustrates this approach, where Figure
2(a) through 2(d) show the two branches of the eye density are separately integrated and produce the two
summands of the BER. The summation of the branches gives us a conventional eye and BER plots, as in
Figure 2(e) and Figure 2(f). A Similar technique, in case of the closed eye, is illustrated by Figure 3.
We can prove that the technique considered above is accurate and agrees with BER definition: BER
is a probability of incorrect reading of a transmitted logical level. We can estimate BER as a ratio of
incorrectly sampled bits to the total number of transmitted bits: BER = Nerrors /Ntotal . With two logical
levels, incorrect reading means either reading ‘1’ as ‘0’ or reading ‘0’ as ‘1’. Denote those numbers as N10
and N01 respectively. The total number of bits is composed from the number of ‘ones’ N1 and ‘zeros’ N0 .
Therefore, Nerrors = N10 + N01 , Ntotals = N1 + N0 , and:
BER =

N10 + N01
= P1 P10 + P0 P01
N1 + N0

(1)

Here, P1 = N1 / (N1 + N0 ) and P0 = N0 / (N1 + N0 ) are estimates of probability of transmitting bit ‘1’
or ‘0’ respectively; P01 = N01 /N1 and P10 = N10 /N0 evaluate probability of reading ‘1’ as ‘0’ or ‘0’ as
‘1’. For a DC balanced signal, P1 = P0 = 0.5 and (1) becomes: BER = 0.5 · (P10 + P01 ).
BER is a function of time/voltage or (x,y) coordinates. For a fixed x, P10 grows with y, but P01
grows against y. By nature, P10 and P01 are cumulative probability distributions, and should be found by
integration of the respecting probability densities, which in our case are normalized positive and negative
eye density branches. Since integration should be performed in different directions, it is essential to keep
two separate eye density plots. The proposed technique suggests, and Figure 1 through 3 prove that with
increased simulation length, the eye density plot becomes more periodic in times, whereas BER is basically
non-periodic function. Eye density is a view at the receiver end, but BER is a function of the distance
between the two events: the signal being sent, and the sampling, with their respected time/voltage level
coordinates.

Will both methods always produce the same results?
In all operations we considered so far, the direction of comparisons (above or below), or eye density integration was made in vertical direction. Does jitter or noise make any difference to it? Perhaps not, as long
as we are able to correctly build the trajectories or eye density plots considering Tx or Rx jitter. Sometimes,
it is reasonable as a rough BER evaluation. Typically, horizontal integration is applied to the combined
(positive and negative) eye density.
Let’s however consider the case of separate integration, which gives more insight into the problem.
In Figure 4, we evaluate BER for a certain point designated by a small white circle, lying at the median
level that corresponds to the optimal sampling threshold. The white and blue arrows show the integration
paths, horizontal or vertical, leading to the point. If the eye is open, as in Figure 4(a) and Figure 4(b), both
horizontal and vertical integration may give the same result, since both integration paths go over the same
4

(a) postive portion of open eye

(b) negative portion of open eye

(c) positive portion of closed eye

(d) negative portion of closed eye

Figure 4: Integrations of the Eye Density in Various Directions

Figure 5: Eye Density Plot
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Figure 6: BER Plot
trajectories. However, an implicit assumption here is that the horizontal path counts each trajectory only
once that necessitates the ‘monotonic’ manner of rise or fall transitions within integration region. Evidently,
we don’t have to worry about non-monotonic transitions in case of vertical integration. However, even if the
raw integral value is correct, it is not sufficient. The integral itself gives us the total number of encountered
errors. To get the error rate, this number should be divided onto the total number of transmitted ‘high’ or
‘low’ bits. In case of vertical integration, the total mass of the transmitted high or low bits can be found once
by full-range vertical integration of the positive or negative ‘bunch’. Note that the result of this integration
does not depend on the x-position: it always includes all the trajectories. In case of horizontal integration,
normalization can be done by dividing each integral value on the number of counted positive or negative
bits transmitted. It would be improper to divide this value on the sum found by horizontal integration
from the eye center by 1UI to the right or left, because such integration will only count the trajectories that
change the logic states, but not the ones on the top and bottom of the eye diagram. A possible way for the
horizontal integration is to divide the result on the total number of transmitted bits, assuming that positive
and negative are equally probable.
In case of the closed or partially closed eye, horizontal integration is greatly affected. As we see from
Figure 4(c) and Figure 4(d), the horizontal integration path may miss some trajectories if they lie above or
below it, or it can count some trajectories several times. Note, that vertical integration still produces the
meaningful correct BER estimation.
Let’s now look at another example in which we measure and simulated a channel then computed the
BER plot by both the vertical and horizontal methods. In Figure 5 which is an eye density plot for a channel
you will noticed that we highlighted two areas of the eye density plot near the edges of the inside of the
eye. There is an apparent “ripple” within the eye density plot.
Let’s now investigate the resulting BER plots that would be computed using the vertical and horizontal
discussed to this point. In Figure 6 the BER plot in red was computed using the horizontal method. You
will see that since the BER is calculated purely by integrating along the horizontal axis there are nonmonotonic inflections. On the other hand the BER plot in red was calculated using integration along the
vertical axis and separately accumulated for positive and negative bits being sampled. For this example
the vertical integration method produces results that at first appear less intuitive but when comparing the
BER plot to the eye density plot above it is clear that one can ascertain a deeper insight into the behavior
6

Figure 7: Horizontal jitter is equivalent to the vertical convolution with varied PDF

(a) ???

(b) ???

Figure 8: Transmit Jitter
of the channel using this method.

Tx and Rx jitter
Let’s explain why vertical eye density distribution is of primary importance for jitter simulation. As shown
e.g. in [1, 2, 3], in presence of jitter, the signal at the receive sampling location can be represented as:
y (t + ηRX ) =

n
∑

(bk − bk−1 ) · S (t − kT + ηT X,k )

(2)

k=−∞

In (2), T is a bit interval, bk are logical bit values, either +1 or −1, S(t) is the channel’s step response,
and ηT X , ηRX represent phase jitter injected at transmitter and receiver. For a given moment of observation,
t = nT + τ , with τ ∈ [0, T ] characterizing the timing position of the sample point within bit interval, (2)
can be rewritten as:
7

(a) step response

(b) eye diagram

Figure 9: Vertical Noise Effects on Jitter
Vertical noise created by transmit jitter independently in every segment of the step response. On the eye
diagram, the combined noise creates a “jitter increase” much larger than the transmiot jitter itself

yn (ηRX ) =

n
∑

(bk − bk−1 ) · Sn−k (ηT X,k )

(3)

k=−∞

In (3) yn (x) = y (nT + τ + x), Sn−k (x) = S [(n − k) T + τ + x].
The receive jitter ηT X,k represents the difference between the intended and the actual sample time,
and can be characterized by its single probability distribution. Transmit jitter is different. Since y (t)
depends on many transmitted bits, with their unique jitter values ηT X,k , the effect of transmit jitter is more
complicated.
As we see from (2), in the absence of jitter, y (t) is expressed through samples of the step response,
taken by bit interval space with an offset τ . There are two equivalent ways of considering jitter applied to
a single transition. First is to convolve the step or edge response with the horizontal jitter PDF, as shown
in Figure 5: the red curve at the bottom illustrates jitter PDF, the bold blue curve designates the original
waveform, and the pair of dashed blue waveforms show the boundaries of the “jittered waveform”. All
points of the original curve are being displaced in concert. The second way is to find the equivalent vertical
PDFs (v1 (y), v2 (y),. . .) by transforming horizontal distribution into vertical; vertical PDFs are shown in
green. Since curvature of the edge response varies in time, so does the vertical distribution. If we take
many of such vertical PDFs, together they will define the same ‘jittered’ body of the edge as the one found
by horizontal displacement.
Both ways are mathematically equivalent but of course the first is easier and is preferred when considering the effect of receive jitter. When the jitter phase does not change along the time or x-coordinate, as
is the case of receive or fully correlated transmit jitter, the same horizontal convolution can be applied to
every trajectory of to the eye density as a whole.
In the presence of transmit jitter, each sample Sn−k in (3) experiences its own phase modification
therefore horizontal modulation does not occur in ‘concert’, and convolution with jitter PDF is no more
appropriate. In this case, only ‘vertical’ thinking gives the right answer. For all potentially important
sample points of the response (excluding flat portions), the vertical distributions vi (y) should be built and
8

(a) state-machine representation

(b) One-step representation

Figure 10: Algorithm representations
then combined together. This way, every summand in (3) becomes a random variable, or vertical noise:
vn−k (y) ⇐⇒ Sn−k (ξk ), with its unique probability distribution. Depending on the bit combination and the
difference (bk − bk−1 ), it may or may not contribute into the sum. In most cases, transmit jitter samples are
considered statistically independent, and summation of the random values vn−k means convolution of their
PDFs. If this is not the case, the power of transmit jitter can often be separated into its slow (correlated) and
fast (uncorrelated) portions. The first can be accounted for by a horizontal convolution, similar to receive
jitter; the second can be described as a combination of vertical noise components.
Let’s now see how trajectories in the eye diagram are modified by transmit and receive jitter. Each
trajectory is associated with a particular bit combination. If bit values in (3) are fixed, in absence of jitter
each trajectory becomes a combination of segments of the step response. The more bit combinations we
allow, the more different trajectories could be found in the eye diagram. For example, PRBS22 contains
more different bit combinations than e.g. PRBS7, and hence creates more trajectories, many of them not
possible with PRBS7 input. The eye therefore becomes more stressed with increasing pseudo-random bit
sequence (PRBS) order. If in addition the channel gets certain transmit jitter, each trajectory becomes
vertically ‘fuzzy’, as in Figure 8(a). Deviation of the vertical noise is not constant along unit interval, nor
it is in inverse proportion to the slope of the trajectory, as in Figure 8(b) representing receive jitter. Let’s
explain why. For example, our trajectory is a combination of the three step response segments, shown in
Figure 7a by red and blue. The sum of these segments is nearly constant, which means almost horizontal
trajectory. Still, the vertical noise is considerable, as it comes from two independent sources with relatively
large deviation, as suggested by the slope of these segments. In Figure 8(b) we show this – much flatter
- trajectory with associated vertical noise. Now, if we measure the effective horizontal jitter, we find it
much larger than was the transmit jitter itself. This is the effect of ‘jitter amplification’, described and
analyzed in a number of previous works [2, 3]. As we see, the two conditions are needed for it to happen:
(A) relatively steep segments of the step response contribute to a certain trajectory, but their contributions
are nearly canceled so that the slope of the trajectory (or some portion of it) is small, but vertical noise
isn’t; and (B): bit combination that creates this trajectory minimizes the vertical eye opening thus making
it susceptible to vertical noise. As we understand, with larger PRBS order, these two things have better
chance to happen, that’s why we sometimes observe the effect of jitter increase with PRBS order.

Statistical computation of eye density
Now, let’s look back to the expression (3). Jitter samples and the very coefficients bk are random. Hence,yn
is also a random value. If we were able to find vertical PDF of yn = y (nT + τ ), τ ∈ [0, T ], and then add
the receive jitter, the eye diagram would be found. But how can we possibly do that? The expression
9

contains non-linear transformations of many random variables, and the multipliers are not only random,
but mutually dependent. Indeed, the difference (bk − bk−1 ) indicates the sign of the transition: 0 means no
transition, +2 - rising transition, and -2 - falling transition.
If we think of the edge response E(t), as a transition from low to high state, instead of the step response
(transition from neutral/zero to high state), the factor ‘2’ is not needed since the swing of the latter is two
times more. Similarly, the samples of the edge response are equal EN −k = 2 · SN −k .
Positive transitions can only happen from a negative state after a negative transition, and vice versa.
The fact that the transition’s sign depends on the previous state, suggests that the algorithm should be
organized as a state machine. Consider Figure 10(a). As the summation in (3) progresses, we move right
and update the content associated with low (L) or high (H) states. The “content” should evidently be a
partial PDF, updated by a series of summations. The content of Lk has ‘contributions’ from Lk−1 (no
transition) and Hk−1 (negative transition). Likewise, Hk is contributed from Hk−1 and Lk−1 . Transmit
jitter should only be added at transitions, when the difference (bk − bk−1 ) is non-zero. The ‘weight’ of
contributions coming from predecessors (Lk−1 , Hk−1 ) equals the probability of positive, negative or no
state transition. If the input pattern is uncorrelated, both contribute with identical weight, 0.5. Although
the number of summands in (3) is infinite, it is enough to consider as many preceding bits as may give
yields to a trajectory. Practically, this number depends on the duration of the non-flat portion of the step
response divided on the bit interval. When computations end, LN , HN contains ‘negative’ and ‘positive’
portions of the eye density, suitable for conditional integration, as required by the BER definition.
In the absence of transmit jitter, the transition from Lk−1 to Hk requires shifting the accumulated PDF
up by EN −k . If the transmit jitter presents, the ‘shift’ becomes a convolution with vertical PDF vN −k (y),
as shown in Figure 5 for a particular sample point of the step or edge response t = (N − k) T + τ . Let
PL,k (y) and PH,k (y) denote the partial eye-density (PDF) found in states Lk , and Hk respectively. Then,
the algorithm becomes:
1. Define initial states by setting: PL,0 (y) = δ (y + E∞ /2), PH,0 (y) = δ (y − E∞ /2).
2. For k = 1 . . . N ,
PL,k = 0.5 [PL,K−1 + PH,k−1 ∗ vN −k (−y)]
PH,k = 0.5 [PH,K−1 + PL,k−1 ∗ vN −k (+y)]

(4)

3. The sum PL,N + PH,N is the resultant complete eye-density.
The latter is suggested by the structure shown in Figure 10(b). Expressions (4) are similar to those in
[1], with the only difference that convolution (designated as ∗) is performed here with the vertical jitter
noise functions, not the Dirac pulses representing jitter-less PDF.

Convolution and the probability mass function (PMF)
The algorithm described above is heavily based on convolution. All components, including samples of the
step/edge responses must be represented by their PDFs. Numerical computation dictates that all distributions should be defined on a finite grid, or as a discrete PDF sometimes called probability mass function.
Usually, fitting an arbitrary probability density onto a finite grid PMF requires preserving the first moments. The zero-order moment M0 is an integral of the PDF, should be equal 1; and the first moment M1
10

(a) original value of z positioned between the grid
points

(b) the representation that keeps M0 and M1 unchanged

Figure 11: Values of z

(a) undesirable deviation caused by approximation of
a discrete value by two points on the grid

(b) gaussian distribution with small sigma (less than
grid size) suffering from same problem

Figure 12: Undesirable Deviations from Approximations

(a) dispersion creating non-zero values to the left of the
bounded PDF

(b) it is possible to keep the boundary when the discrete
PDFs are snapped to the grid

Figure 13: Effect of Dispersion Produced by the Approximation on a Discrete Mesh
red - grid size is 0.01V, blue - grid size is 0.001 V
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Figure 14: Eye Density Computation
eye density is computed for every point along one UI. As iterations progress, the PMF develops into the
vertical cross-section of the eye density shown on the right
is the mean value. Let’s consider how to represent discrete values with PMF, which could be for example,
the initial PDFs in the algorithm above described by Dirac functions.
On a continuous coordinate axis, a discrete value z is described by a Dirac function , as shown in Figure
11(a). However, on a discrete mesh, if we want to keep the first two moments, it should be represented by
the two samples. The weights can be found from simple equations:
M0 = A1 + A2 = 1
M1 = A1 Ym + A2 Ym+1 = z

(5)

At the same time, the second moment M2 changes from 0 to x (1 − x), where x = (z − Ym ) / (Ym+1 − Ym )
is
a
√ relative position of z between the points. The PDF acquires an additional standard deviation, σstd =
M2 , shown on Figure 12(a), together with its ‘average’ shown by a horizontal line. The same effect
applies to a Gaussian PDF. If the “sigma” of the continuous distribution is smaller than approximately half
of the mesh size, but the center is positioned between the grid points, the apparent standard deviation of
the discrete PDF can be much larger than this “sigma”, by an order or more (see Figure 12(b)).
When we convolve discrete PDFs, the additional ‘sigma’ may cause catastrophic consequences. Figure
13(a) illustrates parasitic dispersion of otherwise bounded PDF, after the discrete PDFs are combined by
a series of convolutions. The expected PDF should be identically zero to the left of the green vertical line,
however due to non-zero second moment in every convolved component, the resulting PDF spreads to the
left.
Since low probability portion of the eye density and BER is of primary importance, the effect we
observe in Figure 13(a) should not be allowed. Instead of replacing each discrete value by a pair, as
illustrated in Figure 11, we snap it to the mesh, by rounding to the nearest mesh point. The second moment
becomes zero, and the convolution of several entries gives properly bounded distribution, as in Figure
13(b), independently of the mesh size. Of course, rounding will not preserve the first moment. To prevent
accumulation of displacements, we implemented a “balanced rounding” approach, where the direction of
rounding is optimally selected by minimizing both individual and cumulative error.
Before we start analysis by the algorithm of Figure 10, every sample of the edge response should be
rounded to the discrete mesh. Without transmit jitter, the computation does not require PDF transforma12

(a) sine phase jitter (red) makes the Tx transition time
non-equidistant

(b) accordingly, the step/edge response should be sampled in different moments, resulting in the different
vertical PDFs

Figure 15: Sine phase jitter
tions. Each convolution in (5) can be replaced by a simple shift operation. With transmit jitter the horizontal
Gaussian PDF centered at the chosen point of the edge response should be converted to a discrete vertical
PDF, as illustrated in Figure 5. Then this vertical PDF participates in convolution describing a rising or
falling transition.

More effects and impairments
Non-Gaussian distribution of transmit jitter
Such seemingly important change requires only a minor modification to the Algorithm. For any given
jitter distribution, Gaussian, uniform, Dual-Dirac, or anything else, the corresponding vertical PDFs can
still be found in a manner depicted by Figure 5, and participate in convolution operations outlined by the
algorithm.

Transmit jitter has deterministic component(s)
How is the algorithm modified if transmit jitter has both random and deterministic components? In this
case, deterministic jitter can be considered as a modulation of the sampling positions of the step or edge
response. The phase does not change linearly with time, but experience some disturbances (Figure 15(a),
red) making the logic transitions non-equidistant. The modified timing affects the sampling of the step/edge
response, and therefore, shapes and positions of the vertical PDFs vk (y), as in Figure 15(b).
Typically, an initial phase of the sine jitter is not known, therefore the main cycle of the algorithm
should be performed several times, with different initial phase, to find the resulted average eye density
and then BER. With several sine or duty-cycle jitter sources, one should organize several nested cycles in
the same manner. Of course, this makes the entire simulation more expensive however the solution time
increase is a matter of minutes.
13

Receive jitter and noise
If the receiver adds its own jitter or noise, uncorrelated with transmitted pattern, these can be simply
accounted for by horizontal/vertical convolutions of the result eye density plots with jitter/noise PDF respectively. If the convolutions are applied to the accumulated eye densities, and they are converted into
BER by integration, then the effect will be correctly passed to BER as well. But, the convolutions can be
applied to BER after integration, if the eye densities have not been convolved with receive noise and jitter;
the order of operations does not affect the result. If however receive jitter is correlated with the pattern,
the algorithm becomes more complicated. Some approaches are considered in [4, 5] which are based on
using the multi-step Markov chains or control system analysis, with jitter transfer linearization. In either
case, cannot be performed in two separate stages.

Asymmetry of rising/falling transitions
So far, we assumed that rising and falling transitions are described by the same step or edge response.
However, the Algorithm described above can work with two different responses. In this case, the two
mirror PDFs vN −k (+y) and vN −k (−y) in (4) should be replaced by two independent PDFs, vN −k,rise (+y)
and vN −k,f all (−y), found from rising and falling edges respectively.

14

The Jitter_noise Duality and Anatomy of an Eye Diagram
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