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Abstract — This paper presents a reliable eye opening
numerically evaluation algorithm. The algorithm is able to
determine the eye aperture considering a user specified window
even in the presence of strong signal degradation.
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I. INTRODUCTION

High-speed optical transmission systems suffer from
various impairments that lead to signal degradation. The eye
opening is a frequently used measurement to quantify the
systems  performance. = Comparatively = with  other
measurement techniques, like the Q-factor, the eye opening
figure gives valuable results even in the presence of strong
inter-symbolic interference. The evaluation of the eye
opening directly from the eye diagram is a simple process.
However, to automatically and accurately estimate the eye
opening aperture in the presence of strong signal degradation
is not a trivial process [l1,2]. This task is normally
accomplished manually, using “paper sheet and pencil”,
being a time consuming and error prone process.

In this work a new algorithm is presented to accurately and
automatically evaluate the eye aperture (H) over a predefined
time window, see figure 1. The width of the time window is
specified in order to take into consideration the limited
accuracy of the receiver clock extraction circuit and other
possible sources of timing jitter not include in the numerical
model. Therefore the time window defines the time span
from which the signal can be sampled in order to guarantee a
given power margin.

The eye aperture (H) quantity is useful for signal
assessment when inter-symbol interference (ISI) is present on
the signal, and its analysis along a transmission link, can be
translated on the eye open penalty (EOP) that is usually an
asset on signal wave-shape distortion degradation evaluation
[3,4], better then in the systems where signal dependent noise
distortion dominates, from where bit error rate gives a
reliable quantity of the signal quality in terms of Q-factor [5].
The separation of noise from distortion can also be an issue
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when evaluating high-speed optical fiber system
impairments, and H can also be a critical numerical quantity
looking forward to obtain reliable numerical models
concerning the separate analysis of noise and distortion [6].

A brief overview on sources of waveform distortion for
high bit-rate optical communication systems is presented in
section II. The eye opening algorithm is explained in section
II1. In section IV the algorithm is applied to a set of signals
suffering from strong degradation, and its performance is
evaluated. Final conclusions and remarks are stated at section
V.

Amplitude

0os . . . . . .
]

Samples

Figure 1 — Eye Opening Time Window

II. SHORT OVERVIEW ON SOURCES OF WAVEFORM
DISTORTION

Regarding to high-speed optical communication systems,
we may point ISI, amplified spontaneous emission (ASE)
noise and timing jitter as the main factors leading to bit error
in the receiver.

ISI typically comes out due to chromatic dispersion (CD),
polarization mode dispersion (PMD) and also from optical
and/or electrical active filtering [7].

ASE noise, as other noise sources coming out from active
optical network elements may also be relevant in terms of
eye closure [8].

Timing jitter usually arises due to the quadratic detection at
the optical receivers, which leads to signal to optical beating
[8]. This time uncertainty can be enhanced if the optical



power transmitted is enough to make the nonlinear effects in
the optical fibers relevant. The nonlinear effects can also
cause signal distortion if the system is very long or if high
levels of optical power are injected into the fiber [8].

Amplitude jitter due to intra-channel nonlinear interaction
is another source of degradation that can contribute for the
eye closure [8].

III. EYE OPENING ALGORITHM

The eye opening algorithm that will be next presented is
intended to evaluate the eye opening (H) over a predefined
time window in which the signal can be sampled with the
same noise margin. By looking at figure 1, we find that it is
not that hard to point the maximum window height, H, just
only by using our own eyesight. By the other side it is not
that easy to numerically and accurately evaluate it, especially
when strong waveform distortion is present along the
communication system.

For accurate H evaluation, the receiver should first have
knowledge about the original incoming binary sequence.
This condition is met in a simulation environment by feeding
the receiver directly with a copy of the transmitted sequence.
It worth point out, that this same procedure is needed in the
laboratory to perform bit error rate measurements. Pseudo-
random sequences are usually used in such procedures.

To estimate the eye opening we need to define the number
of symbols that we use to draw the eye diagram (NumSym).
This number must be large enough to consider also possible
combinations of bits with relevance for ISI. Therefore the
receiver is fed with two signals. One of them is the
transmitted signal - in the numerical model we use a set of
samples per symbol (SampSym) to represent this signal. For
the example in figure 2, the transmitted signal comes as
sig(c), being c the number of signal samples. Also for the
example in figure 2, we state NumSym = 4 and SampSym = 6.
The other one is a logical signal, which in the considered
example is 0101. The first thing to do is to expand the logical
signal in order to have the same number of samples per
symbol, ref(c). Two functions must also to be defined
High(c) and Low(c). For definition of the Low(c) and
High(c) variables, a simple algorithm is next presented.
Low(c) was assumed to be previously initialized with zero
values and High(c) with a value greater or equal to

max(sig(c)).

WIN = NumSym*SampSym,
for c=1:WIN
for aux1=1:SampSym: WIN
case ref(c+auxI-1)
0: Low(c) = max(Low(c), sig(mod(c+auxi-1,WIN));
1: High(c) = min(High(c), sig(mod(c+auxI-1, WIN));
end
end

The difference between High(c) and Low(c) for each
sample will be another function that states for the eye
opening aperture according with the decision time, see
eyeopen in figure 3 (a). The maximum of this function is the
maximum eye opening that we can achieve when considering
an ideal decision time. In order to account for uncertainties at
the decision time, a time window is needed that guaranty a
minimum margin over a time interval. A typical value for this
window is 20% of the time bit [3]. Wider windows show
robustness to timing jitter. H is the maximum eye aperture for
the considered time window, see figure 3(b). Figure 3 (b) is
the result of a 3-sample time window applied over the
eyeopen function presented in figure 3 (a). See hereafter a
simple algorithm to clearly understand time window
procedure. WindowSamp is the number of time window
samples, which is directly obtained from the specified time
interval and the sampling frequency used in the numerical
model.

for k = 1:(length(eyeopen)- WindowSamp +1),
Hmax (k) = min(eyeopen(k: WindowSamp +k-1));
end

Note that wider the window width, larger would be the
receiver timing jitter tolerance and consequently more margin
we are accounting for, however the eye aperture will be
smaller.
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Figure 2 — Signals synchronization. Received signal vs reference signal

(NumSym = 4, SampSym = 6)
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Figure 3 — (a) eyeopen function presenting the eye aperture
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Figure 3 — (b) eye opening after applying a 3-sample window width

In the example of figure 2 and 3, the received signal has an
eye opening of H = 0.3, when considering a 3-sample
window, corresponding to 50% of the bit period.

IV RESULTS FOR HIGHLY DISPERSIVE CHANNELS

We next present two eye pattern examples where severe
signal distortions are shown.

A 40Gbit/s non return-to-zero (NRZ) signal, after Skm of
standard mono-mode fiber (SMF) optical channel with CD
parameter equal to D=17ps/nm/km and a Differential Group
Delay (DGD) set to A7 =2ps is presented in Figure 4(a),
while in Figure 4(b) the same channel is increased to 6km of
fiber length and the CD and DGD parameters are set to
D=21ps/mm/km and A7 =18ps, respectively. In this last
diagram, an adaptive fractionally spaced equalizer with
nonlinear phase behavior was also placed at the receiving
edge. For both signals data recovery may easily be an hard
experience, being Q-Factor estimation a low reliable
measurement quantity due to the strong inter-symbolic

interference, which causes non-gaussian statistics for both ‘1’
and ‘0’ detection levels.

In figure 4, two possible window widths were enabled,
giving rise to both different eye opening heights, H and H’,
corresponding to wider and narrower values of window
widths correspondingly.

Eye opening (H) values in terms of the window width for
both eye patterns of figure 4 are presented at figure 5. Note
that the window width comes in percentage of the incoming
time bit, which for 40 Gbit/s means 25ps.

As larger the window width, lower the H value is, like it
can also be seen in figure 5. We may evaluate signal timing
and amplitude jitter robustness by looking at the x-axis and
y-axis, figure 5, correspondingly.

This trade off between window width and eye opening
height may also be seen as a relevant concern for receiver
design.
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Figure 4 — Eye Patterns showing up with two eye apertures, H and H’, for
different window widths (a) After Skm of SMF (D = 17ps/nmv/km, AT =
2ps) (b) After 6km of SMF (D = 21ps/nm/km, A7 = 18ps) and nonlinear

phase filter



Eye Opening in Terms of Window Width
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Figure 5 — Eye Opening in Terms of Maximum Window
Height according to Figure 4 (a) and (b) Eye Patterns

V. CONCLUSION

The proposed eye opening algorithm is a reliable solution
for numerical eye opening evaluation, even when data signal
is affected by strong waveform distortions. The robustness of
this algorithm is intended to make it suitable for new
approaches in signal quality evaluation, especially under very
high bit rate optical channels, where chromatic dispersion
and polarization mode dispersion can turn ISI a dominant
effect.
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