Harsh-Environment
Fiber Optics for Aerospace

Reliable fiber optic communication designs must account for extremes of temperature,

vibration, outgassing, and debris.
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fiber consists of a silica core and a

cladding whose indices of refraction
vary slightly. However, bare fiber is not
very useful beyond a laboratory set-
ting because its performance is highly
susceptible to its environment. An outer
coating is usually added to provide extra
flexibility and mild protection for even
the most simple of applications. A variety

I n its most basic form, bare optical

of factors, such as temperature, vibration,
outgassing, and debris, can cause fiber
communication channels to fail and thus
inhibit the flow of information. In order to
keep the bare fiber functioning properly,
it must be built to withstand the stresses
caused by the environment where it is
used. This is why harsh-environment fiber
optic components are critical in applica-
tions and systems where bare fiber would
otherwise be prone to failure.
“Harsh-environment fiber optics” is an
overarching term that encompasses a vari-
ety of scenarios, each imposing different

conditions that threaten the integrity of
fiber communication lines. Any environ-
mental condition requiring that extra
features or protection be built into a cable
to ensure reliability can be considered a
fiber optic harsh environment: extreme
high/low temperatures, shock, vibration,
radiation, pressure, corrosive conditions,
and anything else that could cause a fiber
optic connection to fail.

Fiber optic cables intended for use in
harsh environments must be designed to
withstand conditions in their intended
application or system. A cable designed
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for use in military field-base communica-
tions will face very different conditions
compared to cable designed for underwa-
ter earthquake detection.

The military field-base cable will need
to be designed for hundreds of mates,
quick installation, repairs that can be
completed in minutes, and a variety of
weather conditions. In addition, it will
likely need to be resistant to a variety of
mechanical stresses, such as driving over
it with an 8000-1b Humvee or dragging it
across rough terrain. On the other hand,
an underwater earthquake detection cable
will need to have a high-quality environ-
mental seal and be resistant to long-term
effects, such as hydrogen diffusion caused
by exposure to the water, and also be able
to withstand substantial pressure (up to
174 kpsi), depending on the water depth.

The aerospace industry has seen a
recent uptick in demand for harsh-
environment fiber optics, in both orbital
and outer space applications. Demand for
increased data transfer rates and a need
for a more lightweight design compared
to traditional copper cabling require that
the internal communication systems of
many aircraft and spacecraft be upgraded
for optical data transfer using fiber.

The use of highly functional fiber
optics in flight, however, is not entirely
straightforward. When designing fiber
systems for flight, there are numerous
concerns to address, including air voids
in connectors and the fiber’s resistance
to radiation. Predominant among these
concerns are the cable’s resilience when
exposed to large fluctuations in tempera-
ture, violent vibration, and outgassing.
All components — from the labels and
epoxies to the connectors and cabling
— need to be designed to function
consistently and reliably under extreme
conditions.

Temperature

Temperature is one of the primary
considerations when designing a fiber
optic cable for aerospace applications. An
alternative coating will be required for
fiber exposed to temperatures exceeding
85 °C, because the acrylate coating on
standard fiber will begin to deteriorate. In
addition to the coating, jacketing mate-
rial will also vary based on temperature.

For example, polyurethane is rated for
temperatures from —50 to 85 °C, whereas
ethylene tetrafluoroethylene (ETFE) is
rated for —65 to 150 °C. For space appli-
cations where exceedingly high tempera-
tures are expected, fluoropolymers such
as perfluoroalkoxy polymer (PFA) and
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polytetrafluoroethylene (PTFE) are rated
for temperatures up to 260 °C.

The optical performance of the fiber
itself is also affected by temperature.
The index of refraction of the core and
cladding can vary with temperature and
wavelength, causing phenomena such as
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Figure 1. Drawing of the device under test (DUT) for the temperature study (a), and a schematic

for the optical testing system (b). MPO: multifiber push-on.
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Figure 2. Plot showing the inverse relationship between insertion loss and temperature in one

of the channels of a flight-rated cable designed for use in a satellite; 0.1 dB = 2 percent optical power loss,

1 dB = 21 percent power loss.
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Demand for increased data
transfer rates and a need
for a more lightweight
design require that the
internal communication
systems of many aircraft
and spacecraft be upgraded
for optical data transfer

using fiber.

increased chromatic dispersion within the
fiber if a source with high spectral width
is used, or if the fiber is transmitting on
multiple frequencies. This leads to the
broadening of a signal over its time do-
main, which can cause signals to overlap
by the time they reach transceivers if the
fiber is run over a long enough distance.

Furthermore, fiber optic assemblies
subjected to temperature fluctuations are
also prone to changes in insertion loss.

A recent study was conducted on a fiber
optic cable assembly designed for use in a
satellite'. The cable was constructed using
two 22-channel, high-density cylindrical
connectors with military termini (Figure
1a). These channels were connected using
radiation-resistant fiber in 900-pm furca-
tion tubing, which was further enclosed in
ETFE conduit.

The device under test (DUT) was then
placed in an environmental chamber and
a temperature profile was run (Figure 1b).
The chamber was first heated to approxi-
mately 75 °C, and then measurements
were repeatedly taken of the insertion
loss of one channel as the temperature
decreased to —50 °C (Figure 2). However,
at about 35 °C, the insertion loss reached
a terminal level, where temperature
increases appeared to no longer reduce
insertion loss.

One hypothesis for these results is that
the epoxy used in the termination of the
fibers relaxed slightly at higher tempera-
tures, which led to decreased stress on the
fiber caused by imperfections in the cure

Figure 3. The ruggedness and certifications of a MIL-DTL-38999 connector make it an ideal choice for many

aerospace fiber optic harsh-environment applications.

of the epoxy in the terminus. In turn, the
relaxation of the epoxy caused reduced
loss from microbending, one of the more
common forms of loss in fiber optics. Fol-
lowing similar logic, insertion loss will
increase at colder temperatures because of
increased rigidity of the epoxy. Another
potential explanation for these results
may be that as the temperature increased,
the termini expanded into each other. This
resulted in an improvement in the contact
quality between the two fibers, meaning
fewer air gaps for Fresnel reflections and
other factors to induce power loss at the
interface between the fibers.

Vibration

Another condition that characterizes
the aerospace environment is vibration
caused by the propulsion system of an
aircraft (e.g., the rotors of a helicopter or
the thrusters of a rocket). Typical vibra-
tions on many aircraft range from 20 to
2000 Hz, with the majority of the vibra-
tional shock occurring at either end of the
cable, in the connectors and termini.

A vibration in a cable behaves in a
manner similar to a wave on a string.
For the most part, vibrations will simply
transmit along the cable and will have
little effect on the transmission of infor-
mation until it reaches the ends of the
cable. Since the cable is always mated to a
static point, connectors and termini expe-
rience the most stress from vibrating. If a
connector is not designed to minimize the

impact of vibration on the end faces of the
fiber, the end faces can move with respect
to their mating points, which will lead to
alignment issues and thus increased loss
and inconsistent data transfer within the
cable.

MIL-DTL-38999-style connectors are
the standard connectors used in aerospace
applications (Figure 3). These connectors
mate individual ceramic termini within
an insert, all enclosed by a stainless steel,
aluminum, or composite outer shell.
These connectors are ideal for vibration-
heavy environments for several reasons.

First, the insert with the sockets that
accepts the termini is made of rubber,
which helps dampen the vibrations.
Second, tight tolerances and termini with
good pin retention help ensure that each
terminus stays locked in its socket with
little room to move. Third, the outer shell
experiences the majority of the forces
caused by shock, which helps further
limit internal forces experienced by indi-
vidual termini. Finally, this style of con-
nector has a wide selection of backshells
that can be attached to the rear of these
connectors to provide strain relief and
prevent the cable from pulling directly on
the termini.

Outgassing

Outgassing is often an overlooked
consideration when building harsh-
environment fiber optics for aerospace,
but it can greatly influence the choice of
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components in a system. Although not
immediately threatening to mated cables,
foreign-object debris resulting from
outgassing can limit the performance of
other components in an aircraft, such as
performance circuit boards, displays, and
other circuitry. Polymers, such as epoxies
used in the curing of termini, and heat-
shrink tubing are often likely culprits for
violent outgassing. In general, the amount
that a material outgasses depends on the
quality of the vacuum and the tempera-
ture of the material — outgassing will
increase according to temperature and
vacuum quality.

There are quite a few acceptable selec-
tions of epoxies and heat-shrink mater-
ials for use in aerospace applications.
(NASA has a large database of materials
and their respective outgassing proper-
ties.) For example, any heat shrink in
conformance with MIL-DTL-23053/5
should perform well in the aerospace
harsh environment.

MIL-DTL-38999 and other military-
style fiber connectors often have a cad-
mium olive drab finish, which can be an

issue in aerospace applications because of
the outgassing properties of the cadmium
in the finish. These connectors often come
with alternative finishes, such as electro-
less nickel, which do not outgas as much
as the cadmium.

NASA ASTM (American Society for
Testing and Materials) E595 is a good
reference document to determine whether
a given material is low-outgassing or
not. The document standard requires
that at 125 °C for one day in a vacuum, a
qualifying component must exhibit less
than 1.0 percent total mass loss, contrib-
ute less than 0.1 percent collected volatile
condensable materials, and be suitable for
use in aerospace applications.

Harsh-environment fiber optic systems
have seen increased demand in aerospace
applications. Requirements for faster
data transfer and reduced weight have re-
sulted in a transition from slower, heavier
copper electrical systems (in use since
the 1820s) to lighter, faster fiber optics.
As fiber becomes more dominant in the
aerospace industry, it may start to be used
for more than simply communication.

Fiber optic gyroscopes and fiber Bragg
grating temperature and strain sensors
have been developed to the point where
they are being implemented on a large
scale in aerospace applications, and they
will continue to increase in popularity as
harsh-environment fiber systems develop
and improve.
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