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ABSTRACT

The application of Plastic Optical Fibers (POF) as transmission medium in avionics systems requires the
introduction of a number of connections that affect both the power budget and the system bandwidth.
Additionally, the use of air-gap connectors in order to avoid fiber damage by physical contact through the
vibrations induces statistically variable positional shifts that add to the already large variability present in
POF-based systems. Therefore, it is important to incorporate connector variability to obtain realistic simulation
results of the performance of POF avionics links. Our aim here is to evaluate the impact of this variability on
transmission properties by using a connector model that includes lateral and longitudinal offsets and performing
Monte Carlo simulations of several avionics scenarios using a POF propagation matrix framework.
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1. INTRODUCTION

The application of Plastic Optical Fibers (POFs) in short-haul environments such as networks inside a car, a
home or an airplane, generally requires the introduction of a large number of connections [1]. POF connector
losses have been experimentally measured for different types of connectors and fiber termination procedures and
found to be rarely below 1 dB [2]. A connector model based on an experimental characteristic matrix was
proposed and validated using experimental results [3]. This model was integrated into a propagation matrix
framework demonstrating that, in a POF link, connectors do not only reduce the power budget but also change
the system bandwidth, depending on their positions, in agreement with experimental results [4,5]. In addition,
misalignments are difficult to avoid or may be intentionally introduced as a feature in connectors with no
physical contact, further limiting the already compromised power budget. Vibrations, which are frequent in
transportation environments, are also the source of statistically variable positional shifts. Therefore, a method to
estimate lateral and longitudinal misalignment losses based on the calculation of the radiated angular power
distribution using the Hankel transform was proposed to upgrade the connector matrix model [6]. Also, a
methodology for engineering SI-POF and connectors, developed by integrating the matrix framework into
commercial software, was applied to evaluate the performance of a typical avionics system that included a
number of connectors [7]. A similar approach was applied to evaluate several designs for automotive Ethernet
over POFs incorporating lateral misalignments [8]. If the maximum fiber misalignment based on typical
tolerances of standard SI-POFs is used, a very conservative estimate of system performance would be obtained.
Instead, a model that estimates the statistical properties of the system parameters should be used to obtain more
realistic simulation results. Along this line, a statistical analysis of coupling loss due to diameter and numerical
aperture mismatches as well as offsets in all possible axes was performed by Monte Carlo simulations [9,10].
Our aim is to pursue a similar approach, but extending the statistical analysis to other transmission parameters,
such as system bandwidth, while considering only statistical longitudinal and lateral offsets.

Thus, the performance of several layouts of a typical avionics SI-POF link, with different number of
connectors will be analyzed using the propagation matrix framework combined with the upgraded connector
model to simplify and speed up the simulations. Statistical distributions of power loss and bandwidth in the
different scenarios will be extracted from the resulting output power distributions and frequency responses to
assess the impact of the number and position of the connectors.

2. STATISTICAL CONNECTOR MISALIGNMENT MODEL

The simulated system was a 42-meter fiber link made up of several segments of Mitsubishi GH4002 SI-POF
with different lengths that were joined by a number of ST connectors. In particular, three configurations were
tested using one, two and five connectors, respectively. The first configuration consisted of two 21-meter
segments joined by a single ST connector. In the second configuration three 14-meter segments were joined by
two ST connectors. The last configuration consisted of six 7-meter segments with 5 connectors. In addition, the
simulation of a fiber link without connectors was also calculated to serve as a reference. Fig. | shows the
schematic representation of all these configurations.
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Figure 1. Schematic of the four 42-meter link configurations with different number of connectors.

The model used to describe the fiber and the misaligned connectors with misalignments is not detailed here, as
it has been thoroughly described previously. The POF segments were modeled as matrices using the propagation
matrix model [11] to solve the diffusion equation. The connectors were also described by matrices whose
angular attenuation depends on the lateral and longitudinal misalignment that is obtained with a method based on
the Hankel Transform [6]. The use of matrices simplifies and speeds up calculations, which is very beneficial for
the proposed Monte Carlo simulation. The angular power distribution launched into the fiber was modelled using
measurements obtained for the transmitter of a commercial transceiver from Firecomms based on a VCSEL
emitting at 645 nm [12]. Finally, the receiver was modelled as a wide area detector whose driver electronics
circuit poses no extra limitation to the fiber frequency response. This assumption is reasonable as the simulated
fiber length is quite large and thus it is the major contributor to characteristics of the frequency response.

Randomness was introduced in the simulations by allowing each instance of the connector model to be
configured with simultaneous and independent lateral (x, and y,) and longitudinal (z,) misalignments that were
drawn from Gaussian distributions whose standard deviation was o=31.25 um according to the tolerances
defined in IEC-60793-2-40 specifications, Ada.2 fiber class. We assumed that connectors have an air gap and
thus, the mean value of z, was 150 pm. A simulation run with N=5-10° simulation samples was obtained for
each link configuration shown in Fig. 1. Each simulation sample was the result of propagating the optical power
from the transmitter to the receiver through a number of fiber segments joined by ST connectors. All the
characteristic parameters of the link: input power distribution, fiber properties, detector position, etc. were
deterministic. Only the connectors’ shifts in the three spatial dimensions (x;y;z; for connector i) were Gaussian
random variables that further led to Gaussian-distributed longitudinal misalignments and Rayleigh-distributed
radial misalignments [10]. Power loss and bandwidth measurements were obtained from the output power
distribution and the system frequency response of each simulation sample. Standard deviations of these
parameters are plotted as a function of the number of samples in Fig. 2, confirming that the number of samples
was enough to reach a stable distribution in the three tested scenarios.
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Figure 2. Evolution of standard deviation of power loss (left) and bandwidth (right) versus number of samples.

3. IMPACT ON OVERALL LINK PERFORMANCE

Results from all the simulation samples were processed in order to statistically characterize the effect of the
connector misalignments over the main transmission parameters. Average and standard deviations of output
power distribution and frequency response were obtained and the probability density functions of power loss and
bandwidth were estimated.

3.1 Impact over angular power distribution and power loss

In Fig. 3, the average and standard deviation of the output angular power distribution is shown on the right for
the three configurations and the reference link (without connectors). From these functions, the encircled area flux
(EAF) was calculated and its mean is shown on the left graph together with the input EAF (dotted line).
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Figure 3. EAF (left) and power distributions (right) for the three configurations and the reference link (0C).

As the plots show, the resulting standard deviations are very low showing that connector misalignments
introduce only very small variations in the spatial power distribution. The differences in the shapes of the EAFs
obtained for the different configurations are also small, but significant and reveal that the pattern is wider as the
number of connectors increases. On the other hand, the right graph shows a drastic decrease of the maximum
power as the number of connectors increases justified by their high insertion loss since we are dealing with air-
gap connectors with mean fiber-to-fiber offsets of 150 pm. The total output power was obtained from each
sample of the output power distribution to calculate power loss in dB for each configuration. The resulting data
were used to obtain empirical probability density functions (pdf) and cumulative distribution functions (cdf) for
the three configurations, as shown in Fig. 4. We found that the resulting power loss statistical distributions fit

reasonably with extreme value distributions with increasing mean and standard deviation values as the number of
connectors increases.
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Figure 4. Output optical power statistical distribution for the three configurations: empirical probability density
function and fitting to extreme value distribution (left) and empirical cumulative distribution function (right).

3.2 Impact on frequency response and bandwidth

The effects of connector variability due to misalignments on the frequency response and system bandwidth are
illustrated in Fig. 5. Mean and standard deviation of normalized frequency responses for the three configurations,
as well as for the reference link, are plotted on the left graph, while the center and right plot show the empirical
probability density and cumulative distribution functions for the 3-dB bandwidth, respectively.
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Figure 5. Average and standard deviation of the normalized frequency responses (left), and empirical
probability density and cumulative distribution functions of the bandwidth (center and right, respectively).



The frequency responses show significant degradation that increases with the number of connectors in the
system as the left graph shows. The variability introduced by connector misalignment is, however, small.
Regarding the statistical behavior of the bandwidth, the empirical probability density functions (pdf) are more
symmetrical than those obtained for power loss and can be fitted to Gaussian distributions as shown in the center
plot. Both, pdf and cumulative distribution functions reveal how the bandwidth decreases when increasing the
number of connectors while its standard deviation increases. The values of the mean, the standard deviation and
the 97™ percentile are shown in Table 1 for all configuration tested.

Table 1. Mean, standard deviation and 97" percentile of power loss and bandwidth for the simulation results.

Link confieuration Power loss (dB) . 3-dB Bandwidth (MHz)
g Mean Std. Dev. 97™ percentile Mean Std. Dev. 97™ percentile
1 connector (1C) 7.0395 0.0932 7.2554 115.1968 0.5325 116.2558
2 connectors (2C) 8.4549 0.1270 8.7223 112.9683 0.6970 114.3315
5 connectors (5C) 12.7332 0.2040 13.1474 109.2420 0.8787 110.9444

4. DISCUSSION

The values of the average and standard deviation of power loss and bandwidth as a function of the number of
connectors are plotted in Fig. 6 in red and green, respectively. As the number of connector increases, average
power loss is higher as should be expected while the average bandwidth is lower. The power loss and bandwidth
for a 42-meter POF link without connectors is also shown in the corresponding graphs. The standard deviation is
relatively small for both parameters but increases as more connectors are introduced in the link.
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Figure 6. Mean, standard deviation, and 97" percentile of power loss and bandwidth vs number of connectors.

The decrease of link bandwidth with the number of connectors is explained by their broadening effect over the
power distribution demonstrated by the EAFs shown in Fig. 3. Power at higher propagation angles is transmitted
at lower speed through the fiber degrading its frequency response. Thus, it seems that, as the EAF broadening
increases with the number of connectors, the bandwidth decreases. This effect has been reported and is
particularly intense when the connector is close to the transmitter where it behaves as a mode scrambler
broadening the power distribution [4,6]. However, it has also been reported that connectors near the receiving
end can even improve link performance [6], particularly, those with an air-gap [13]. Therefore, we set out to
quantify the effect of the position of the connector in the link for the case of only one connector. Thus, four new
configurations have been tested inserting the connector closer to both the receiver and the transmitter: 3.5, 7, 35
and 38.5 meters from the transmitter (the latter two are 7 and 3.5 meters from the detector, respectively). These
results are compared to the one that we presented before where the single connector is placed in the middle of
the 42-meter link and also, to the case with no connectors. The results are plotted in Fig. 7, showing that the
EAF, the spatial power distribution and the mean and standard deviation of the estimated probability density
functions of power loss are practically identical and independent of the connector position in the link. The
standard deviation of the EAF and the power distribution for all conditions are also very small.
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Figure 7. Average and standard deviation of EAF (left) and spatial power distribution (center) and empirical pdf
of power loss (right) for one-connector configurations. The black line is for a 42-m fiber without connectors.



On the other hand, Fig. 8 shows the frequency responses and the estimated probability density function and
cumulative distribution function of the bandwidth for all one-connector configurations. The frequency responses
on the left graph show differences that are significant in spite of the variability introduced by connector
misalignments. These differences are more evident in the probability distribution of the bandwidth values for the
different conditions. The center plot shows that as the connector moves closer to the input, the bandwidth
reduction is larger. However, when the connector is closest to the detector, the bandwidth is significantly higher
than for the condition without connectors, which is represented by the black line. This effect is consistent with a
filtering of higher order modes that is achieved through the air-gap in the connector.
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Figure 8. Average and standard deviation of the normalized frequency responses (left), and estimated pdf and
cdf (center and right, respectively) of the bandwidth for one connector at different positions.

Table 2 shows the average, standard deviation and 97" percentile of power loss and bandwidth obtained for the
five different configurations with one connector. The frequency responses, however, present significant
differences that reflect on the bandwidth values obtained from them. The standard deviations of the power loss
and bandwidth distributions do not change with the connector position.

Table 2. Mean, standard deviation and 97" percentile of power loss and bandwidth for the different positions.

Distance from Tx Power loss (dB) . . 3-dB Bandwidth (MHz)
Mean Std. Dev. 97" percentile Mean Std. Dev. 97™ percentile
21 m (REF) 6.9976 0.0727 7.2554 115.1970 0.5325 116.2558
3.5m 7.0123 0.0691 7.2728 107.4890 0.4515 108.4136
7.0 m 7.0068 0.0700 7.2573 109.0900 0.4648 110.0149
35.0m 6.9695 0.0731 7.2200 118.8470 0.5424 119.9489
385m 6.9571 0.0704 7.1930 118.8490 0.5401 119.9292

Fig. 9 shows the values of the average and standard deviation of power loss (red plots) and bandwidth (green

plots) as a function of the connector distance to the transmitter. This figure summarizes our conclusions about
the influence of the connector position on these parameters. As the distance between the connector to the
transmitter decreases, bandwidth values also decrease. Bandwidth standard deviation increases proportionally to

its average. However, power loss does not change significantly with connector position.
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Figure 9. Mean and standard deviation of power loss and bandwidth as a function of the connector position.

As a summary, a plot of the bandwidth versus power loss values for all configurations tested is shown in
Fig. 10. This graph shows that the effect of connector position over bandwidth is quite strong. The presence of
one connector near the detector, increases the bandwidth values compared to the value for the fiber only, while if
the connector is near the transmitted, the degradation is even larger than that produced by 5 connectors. The
increase of the number of connectors also degrades performance but, in the case of the 5 connectors, the
degradation introduced by the previous connector is partially filtered by the last connector, which is at 7 meters
from the detector. Power loss is independent of connector position and increases linearly with the number of
connectors, as is the case for its standard deviation.
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Figure 10. Results on bandwidth and power loss obtained from all the simulated configurations.

5. CONCLUSIONS

We used Monte Carlo simulations to assess the variability of POF transmission properties in a typical avionics
system due to statistical connector misalignments. A matrix framework was used to model the fiber and
connectors. The use of the SI-POF matrix model combined with the upgraded connector matrix simplifies the
testing of different designs and allows us to obtain not only power loss, but also power distributions, frequency
responses and bandwidths. The analysis of the simulation results provides not only the mean and standard
deviation of power distributions and frequency responses, but also estimates of the probability and cumulative
density functions. As the number of connectors increases, power loss increases and bandwidth decreases. The
standard deviations of both properties also increase with the number of connectors. On the other hand, changes

in the connector position do not alter spatial properties but has a significant impact on frequency response and
bandwidth.
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