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Abstract

Optical transport networks — the fiber links carrying telecom and data-center traffic — can
develop “soft failures”: a slowly aging amplifier, a worn connector, or a degrading splice that
gradually weakens the signal long before it fails outright. Today’s protection mechanism only
reacts once the signal quality has already dropped far enough, several times in a row, to cross a
fixed threshold. This paper applies Arnold’s Bifurcation Principle — the same fixed, training-
free method already used in our earlier work on hemodialysis vascular access, drone wind-gust
safety, cardiac arrhythmia warning, and 5G/6G radio-link failure — to the optical signal-to-noise
ratio (OSNR) measurement a fiber-optic network already monitors. On a single synthetic run,
the method gives a meaningful early warning before the existing reactive protection-switching
mechanism itself would fire, using a small, dedicated hardware controller rather than software.
All results here are from simulated data; the next step is testing on real network logs.

1 Introduction

Fiber-optic networks carry almost all long-distance internet and telecom traffic today. A single
optical link depends on erbium-doped fiber amplifiers (EDFAs) to boost the signal every so often
along its path, and on connectors and splices to join fiber segments together. Over time, these
components can age and degrade slowly: an amplifier’s pump laser weakens, a connector loosens,
a splice degrades. This kind of gradual, partial degradation is called a “soft failure,” as opposed to
a sudden “hard failure” like a fiber cut.

The existing industry approach to protecting against this is Signal-Degrade (SD) and Signal-
Fail (SF) monitoring: the network watches the signal’s error rate, and once it crosses a threshold
enough times in a row, it triggers automatic protection switching to move traffic onto a backup
path [I]. Like the mechanisms in our companion papers, this is reactive: it only acts once the
signal has already degraded past the threshold. This paper applies the same fixed, training-free
early-warning method used in our other work to this problem, watching the OSNR measurement
an optical network already collects.

*Patent Pending.



2 The Simple Idea Behind the Method

A healthy optical link’s signal quality normally bounces back quickly from small, everyday fluc-
tuations. As a component like an amplifier or connector slowly ages, the signal becomes slower
and slower to recover from these small dips, even while it is still within an acceptable range. This
slowing-down effect is a well-studied early sign of an approaching collapse in many kinds of systems
[2], and it can be measured by how strongly one reading resembles the reading just before it (lag-1
autocorrelation), computed on a short rolling window of recent measurements, with no historical
data and no training required.

3 Why Dedicated Hardware, and Not Software or Firmware

As with our companion papers, we specify this as a small, dedicated hardware controller, not
software or firmware running on a shared processor, and we explain plainly why here.

Software or firmware running on a network card’s existing processor shares that processor with
many other tasks — traffic switching, protocol processing, alarm handling. That creates several
problems for a safety-relevant monitoring function:

e It has to wait its turn. Under heavy processor load, a software monitoring task may not
run often enough, or quickly enough, to catch a fast-developing problem.

e It can be interrupted. A higher-priority task can always push a background monitoring
task aside.

e It can be corrupted or broken by a bad update. Firmware is code sitting in memory,
and it can be overwritten, whether by an update gone wrong or a fault elsewhere in the
system. If it silently stops working, nobody may notice until it has already failed to catch a
real degradation event.

e It shares power and reset behavior with everything else on that processor. If the
card resets or enters a low-power state, the monitoring function goes down with it.

A small, dedicated hardware block avoids all of this. It runs continuously on its own fixed logic,
with nothing to schedule around it and nothing that can overwrite it, and it draws very little power
because its job is simple and fixed. This is why, throughout this paper, we describe the invention
specifically as dedicated hardware.

4 Method

We treat the OSNR stream, and a bit-error-rate (BER) proxy derived from the same monitoring
point, as two independent scalar observables. On a rolling window of recent measurements, we
compute:

e the lag-1 autocorrelation of the OSNR signal (the early-warning statistic),
e the rolling variance of the OSNR signal, and
e the lag-1 autocorrelation of the BER proxy.

No historical corpus or training step is used; the estimator works from the very first readings of a
newly installed or newly monitored link.



5 The k-of-n Quorum

A single reading crossing a threshold is not treated as a reliable warning on its own, since ordinary
measurement noise can cause a brief, meaningless crossing. We require agreement across multiple
independently-derived channels. With n = 3 channels and indicator functions W;(t) € {0,1} for
channel 1,

Alarm(t) = ¥

i“‘i(t) > k] , k=2 n=3 (1)
i=1

6 Results

Figure [I] shows a synthetic OSNR stream in which a slowly aging component causes the signal’s
recovery from small fluctuations to weaken well before the link physically fails, with the point where
the existing SD/SF protection-switching mechanism would trigger marked for comparison. Figure
shows our precursor statistic rising ahead of both. Figure |3| shows the resulting early-warning lead
time, and Figure [4 shows the three-channel quorum vote behind it.

Panel 1: Synthetic OSNR stream approaching a soft failure
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Figure 1: Synthetic OSNR stream approaching a soft failure, with the reactive SD/SF protection
switch’s trip point marked.

7 Implementation

Figure [p| shows the intended hardware arrangement: a small, fixed, dedicated block that reads the
OSNR/BER monitoring stream an optical transport network already produces, and runs alongside
the existing SD/SF protection-switching mechanism rather than replacing it. The same fixed core,
unchanged, has also been applied in companion papers to hemodialysis vascular-access pressure,
drone flight-sensor data, cardiac rhythm signals, and cellular radio-link measurements.



Panel 2: Rolling eigenvalue-proxy precursor rising before failure
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Figure 2: Rolling precursor statistic crossing its alarm level before both the true soft-failure onset
and the reactive protection switch.

8 Prior Work

Early-warning detection for optical amplifiers is not a new idea in itself: a patent from the early
2000s describes detecting an amplifier’s degradation ahead of failure using a wavelength-shift tech-
nique [3]. More recent academic work has approached the same broad problem with trained
machine-learning models: one method combines time-series forecasting with a neural network to
detect EDFA gain degradation [4], another uses an LSTM-based digital twin to predict EDFA fail-
ure [5], and a transformer-based model has been used to estimate the remaining useful lifetime of
optical amplifiers [6]. Most recently, a 2026 study modeled OSNR degradation using several sta-
tistical aging processes and trained a machine-learning regressor to predict time-to-failure [7]. All
of this prior work either requires a trained model, requires a historical dataset, or does not specify
a dedicated, training-free hardware implementation. What we contribute is the same architectural
approach already used in our companion papers: a small, fixed, training-free hardware controller,
applied here to optical network monitoring without modification to its core logic.

9 Scope and Limitations

e Simulation only. All results here use a synthetic OSNR/BER generator, not real optical
transport network measurement logs. The lead time shown is a single run, not an averaged
result across many trials, failure modes, or real deployments.

e Real confounds not modeled here. Temperature fluctuations, traffic-load-dependent
nonlinear effects, and maintenance events on nearby spans can all affect OSNR readings in
ways not represented in this simulation.

e Instantaneous hard failures are a hard case. This method depends on detecting a
gradual slowing-down in how the signal recovers from small fluctuations, over some window



Panel 3: Early-warning lead time on a single synthetic run
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Figure 3: Early-warning lead time on a single synthetic run. This is one run, not an averaged result
(see Scope and Limitations).

of time before failure. A sudden hard failure, such as a fiber cut, gives little or no gradual
warning signature to detect, and the lead time over the existing reactive mechanism could be
minimal in such cases. The method is expected to help most with gradual soft failures, not
sudden hard ones.

e The reactive-mechanism settings used here (SD/SF thresholds and counts) are illus-
trative values chosen to match the general shape of the real ITU-T mechanism, not values
taken from a specific commercial system.

e No physical hardware has been built yet. The next step is testing this same fixed logic
against real OSNR/BER monitoring logs from a real optical network.

10 Anticipated Questions

Q1: Why is validation only on simulated data? Real optical network measurement logs were
not available at the time of writing. The simulation demonstrates the method’s behavior; testing
on real logs is the necessary next step.

Q2: Could ordinary noise or a traffic change cause a false alarm? Yes, this is possible,
which is why the method requires agreement across three independently-derived channels rather
than acting on one reading alone.

Q3: Does this replace the existing SD/SF protection-switching mechanism? No. It
is designed to run alongside the existing mechanism, giving network operators time to schedule
maintenance or reroute traffic proactively, not to replace the standardized fallback.

Q4: What is the intended hardware target? A small, low-power, dedicated hardware
block that reads the OSNR/BER measurements an optical transport system already produces,
requiring no new sensor.



Panel 4: k-of-n quorum (k=2, n=3) across independently-derived channels
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Figure 4: The three-channel quorum vote behind the alarm.

Q5: Why would the same design that works for radio links also work for optical
links? Because the underlying method only looks at how a numeric signal recovers from small
fluctuations over time. It has no built-in notion of what the signal represents, so the same fixed
design applies to OSNR just as it does to RSRP, SINR, venous pressure, or any other slowly-varying
monitored signal.



Panel 5: Domain-blind hardware core alongside existing SD/SF protection switch
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Figure 5: Dedicated hardware core, running alongside the existing reactive SD/SF protection-
switching mechanism.

11 Conclusion

Using the same unchanged hardware logic applied in our companion papers, we have shown, on
a single synthetic example, an early warning ahead of the existing reactive protection-switching
mechanism used in optical transport networks today. As explained in Section 4, this is proposed
specifically as dedicated hardware, not firmware or software. All results here are preliminary and
based on simulated data; testing against real optical network logs is the necessary next step.
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