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Executive abstract

In low-loss single-mode interconnects, lateral alignment of the optical waveguides—not merely the dimensional accuracy of
the connector envelope—governs a significant fraction of insertion-loss variation. The industrial LC connector popularized a
compact 1.25 mm ferrule and a six-position indexing approach by which the angular orientation of ferrule-to-fiber eccentricity
can be measured against a reference and deliberately registered. Published LC patent disclosures describe rotating the
ferrule/barrel assembly through six 60° increments and selecting the orientation producing the preferred measured optical
response. [1,2]

XiOptics applied this principle to its NXTCore ARINC 801 optical termini by incorporating a micro-hex registration feature in
the ferrule carrier, indexing that carrier to the main terminus body, and registering the terminus body to the connector insert
using the required anti-rotation interface. In addition to a repeatable angular registry, XiOptics describes an architecture
intended to prevent the ferrule carrier itself from sliding against the connector-body keying interface during axial spring travel.
[3-5; XiOptics engineering design information]

The engineering result sought is lower average insertion loss, a narrower distribution of random-mate insertion loss, and
stable optical contact during vibration, thermal cycling and repeated mating. Tuning is not a literal elimination of all
manufacturing tolerances; it reorients one controllable component of the lateral offset vector and cannot correct endface
defects, contamination, angular misalignment, excessive residual eccentricity or every possible random-mate pairing.

1. Background: the LC platform and the origin of six-position tuning

LC (Lucent Connector) technology emerged in the late 1990s as a compact fiber optic interconnect using a nominal 1.25 mm
ceramic ferrule. Its latch-driven packaging is broadly reminiscent of modular telecommunications connectors, but its optical
coupling performance is governed by precision ferrule alignment, fiber placement and controlled physical-contact endface
geometry rather than metallic electrical contacts. A major engineering requirement of rapidly expanding optical networks was
low insertion loss with repeatable performance when production patch cords were connected in arbitrary combinations.
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A key limitation of precision ferrules is that small manufacturing and assembly errors place the glass-core center at a finite
offset from the ferrule outside-diameter axis. Lucent-related disclosures describe an indexable tuning method using a master
connector/cable and six angular positions at 60° intervals. The ferrule is tested at each orientation; the preferred angular
setting is retained in the connector housing. The method does not require a perfect ferrule: it makes the residual eccentricity
vector observable and controllable. [1,2]

The historically important innovation was not a claim that geometry could be made tolerance-free. It was recognition that
repeatable orientation of the residual core offset can materially improve pairwise alignment statistics when the production
connectors are tested and registered consistently. Subsequent LC supplier literature reports lower measured random-mate
loss distribution after tuning. [6]

2. Optical geometry: why ferrule eccentricity drives insertion loss

2.1 Eccentricity as a two-dimensional vector

Let e, and e, be the radial offsets of each fiber core from its associated ferrule datum axis, and let 8 be their angular
separation after mating. For ideal concentric sleeve alignment, the lateral core-to-core displacement is approximately:

d*=e,*+e,°-2e, e,cos(0)

This relation follows from vector subtraction. It illustrates why the magnitude of each manufacturing eccentricity alone is
insufficient to predict coupled loss. The orientation of the two residual vectors also matters. Identically directed offset
vectors of similar magnitude can substantially cancel in a given mate; opposite vectors reinforce one another. Real
connectors additionally include sleeve clearance, ferrule diameter, endface geometry, fiber tilt and contact effects.

2.2 Simplified single-mode coupling model

For two matched, parallel Gaussian single-mode fields with mode-field radius w and negligible other loss mechanisms,
lateral-offset coupling efficiency is approximately n = exp[—(d/w)z], giving insertion loss IL = 4.343(d/w)2 dB. Thisis an
illustrative first-order model—not an ARINC 801 acceptance formula—and applies only under the stated idealizations. The
square-law dependence shows why small core offsets become important when an optical link is budgeted for very low
connector loss.

2.3 Six discrete orientations and the residual error

A hexagonal index allows 8y =6, + k x 60°, with k=0, 1, 2, 3, 4, 5. Selecting the best of six positions relative to a qualified
master limits the indexing deviation from a desired continuous direction to approximately +30°, before allowance for
mechanical and measurement errors. A nonzero residual can remain; six-position tuning is finite-angle optimization, not
continuous correction.

Six-position ferrule index Core-offset vector model

el

e2

60° per step Schematic; not to scale

Figure 1. Six 60° registration states and the relative fiber-core eccentricity vectors for a mated pair. Conceptual schematic, not a controlled
XiOptics assembly drawing.
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2.4 Why a larger eccentricity is not always worse

Counterintuitively, a connector with a larger—but accurately characterized and consistently registered—eccentricity can
produce a very low-loss mate against a connector with a similar aligned offset. This is a pairwise cancellation effect, not an
assurance that the “worst” ferrule is the best for every random mate. A genuinely low-eccentricity ferrule generally offers a
less sensitive baseline across an unrestricted set of mates. The practical engineering benefit of tuning is to manage known
residual offset directions and improve the distribution of measured performance across a defined production and reference
population.

3. From LC to ARINC 801: XiOptics NXTCore architecture

3.1 Registration through two mechanical interfaces

The XiOptics design integrates a micro-hex geometry within the ferrule carrier. During assembly and tuning, the carrier is
clocked to the selected of six angular orientations and keyed to the surrounding terminus body. That body is in turn
rotationally constrained by the anti-rotation key/keyway of the ARINC 801 connector insert. The intended registration chain is:
optical core » ceramic ferrule - ferrule carrier micro-hex > terminus body > ARINC 801 anti-rotation interface » connector
shell. [3-5; XiOptics engineering design information]

This configuration preserves the selected ferrule orientation in a removable, standards-based terminus interface. The
distinction is relevant in dense multi-channel connectors because independently optimized channels may be placed into a
common housing without needing to custom-match every field mate to a particular opposing channel.

3.2 Decoupling axial motion from connector-body sliding contact

ARINC 801 optical termini use a spring-supported ferrule carrier to maintain axial physical-contact force through tolerance
stack-up, mating and dynamic environmental loads. XiOptics reports that its ferrule carrier is keyed internally to the terminus
body, rather than requiring the carrier itself to form a sliding anti-rotation contact with the connector insert. The intended
advantage is reduced parasitic friction and reduced risk of carrier binding or stick-slip as the carrier advances and retracts
under spring force.

The phrase “no sliding engagement forces” should be interpreted precisely: the design is intended to eliminate direct carrier-
to-connector-body sliding at the anti-rotation feature. It does not imply zero friction anywhere in the terminus; internal carrier
guides, springs, seals and tolerances still require assessment. Quantitative comparative friction results for third-party
designs have not been supplied and are not asserted here.

3.3 Why ferrule carrier mobility matters optically

A physical-contact interface depends on the ability of opposed ferrules to remain engaged at the designated force. Variable
static friction, side loading or stick-slip can affect displacement recovery and effective contact-force margin under thermal
expansion, vibration and repeated mating. An architecture that separates angular indexing from external sliding engagement
offers a plausible reliability benefit, provided that spring force, axial travel, lateral restraint and wear are validated in
qualification.

4. Random mating and the multi-channel system problem

“Random mate” must be defined as a measurement protocol: production cables and connector halves are mated in
specified, non-preselected combinations, often with repeated remating and multiple channels. A low reading against one
golden-reference cable establishes reference-mate performance; it does not establish the full distribution of arbitrary
production-to-production pairs. For a multi-channel connector, both the mean loss and the upper tail of the channel-loss
distribution are important.

A deterministic angular registry is particularly valuable for single-mode links, long-run networks with tight power budgets,
distributed optical sensing and multi-channel avionics, where a few outlier channels may constrain system margin. It is also
relevant to angled physical-contact (APC) termini, where the clocking of the polished angle and the keying system must be
coordinated and separately verified. XiOptics states that its ARINC 801 platform supports tuning and APC-capable
processing, subject to appropriate polishing and inspection. [3-5]
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Tuning is a strong way to reduce the eccentricity-related portion of variation, but not the only contributor to extremely low and
stable channel loss. Fiber type/mode field, endface quality, sleeve concentricity, contact force, cleanliness and cable strain
are independent system variables. Therefore, low-loss performance must be demonstrated with defined production random-
mate sampling rather than inferred from the presence of a hexagonal key.

5. Qualification evidence and interpretation of near-zero loss

XiOptics engineering experience reports qualification-test channels with recorded insertion loss approximately 0 dB, together
with stable insertion and return loss through environmental exposure. These are manufacturer-reported observations
supplied as the design basis for this paper; the underlying sample-level results, wavelengths, instrumentation uncertainty,
reference method, and environmental data have not been provided for independent analysis.

Areading near 0.00 dB should be reported as “within the uncertainty/resolution of the stated test method,” not as zero
physical loss. Practical measurements can have positive or slightly negative apparent differential readings because of
connector reseating, source drift and reference-plane uncertainty. Return loss is a separate quantity and should be reported
in dB with its own threshold and method; a near-zero insertion-loss measurement does not establish a return-loss value.

5.1 Recommended reporting package

Evaluation metric Recommended evidence

Individual channel results, A, polarity, cleaning protocol, reference

Reference-mate insertion loss . .
method, instrument uncertainty

Full distribution: n, pairing protocol, mean, median, P95/P99,

Random-mate performance X
maximum, per-channel and per-mate data

Pre-tune and post-tune paired readings on the same assemblies;

Tuning effectiveness
g selected hex sector

Spring force vs. displacement, free travel, friction/hysteresis and

Ferrule mechanics s
repeatability

Before/during/after vibration, shock and temperature cycling; remate

Environmental stability B e

Measurement method and per-channel reflection performance,

Return loss . .
separately from insertion loss

5.2 Example acceptance structure

An application-specific acceptance program can establish a maximum individual-channel insertion loss, a population
percentile limit, a maximum pre/post-environment change, minimum return loss where applicable, and a ferrule spring-
force/travel window. These thresholds must be set by the program optical power budget and verified test method; no
universal “0 dB” criterion is implied.

6. Design comparison: conventional fixed registration vs tunable micro-hex

Engineering feature Fixed-orientation carrier XiOptics micro-hex registry carrier

Ferrule eccentricity orientation Not deliberately optimized during assembly Selectable at six discrete 60° positions

. . Determined by production orientation and ke Measured against master and retained in
Control of angular direction yP 4 g

design terminus body
. Depends on manufacturing eccentricity and Can improve mean/tail of eccentricity-driven
Random-mate loss potential p. . g v . ® L v
mating population loss distribution

Designed to separate connector-body anti-

Axial spring movement May rely on carrier and housing interactions o . .
rotation interface from moving carrier
. o Additional tuning measurements, indexing and
Process burden Simpler initial assembly . g g
traceability
. Ferrule geometry, contact force and Same baseline concerns plus index retention,
Qualification concern . .
environmental endurance tuning method, tolerance stack and wear
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7. Practical selection and implementation guidance

e  Specify whether the optical performance requirement is measured against a reference jumper or under random mating of
independently produced cables; the two are not equivalent.

e  Setarealistic connector-level loss budget using the wavelength and fiber type, with sufficient allowance for
environmental shift and metrology uncertainty.

e  Forsingle-mode and demanding multi-channel designs, evaluate six-position tuning as a manufacturability measure for
controlling residual eccentricity rather than a substitute for high-precision ferrules.

e Require a controlled master reference, a defined six-position sweep procedure, recorded sector selection and
verification of registration after assembly and remating.

e  For APC systems, validate rotational relationship between tuned eccentricity vector, endface angle, connector keying
and mating orientation.

e  Qualify the entire contact/connector system: keyed body, internal carrier guide, spring force, optical alignment sleeve,
connector insert and representative cable loads.

° Request sample-level test data for any claimed near-zero loss or comparative reduction in friction/variation; specify
repeatability and confidence intervals where possible.

8. Engineering conclusion

The LC six-position tuning conceptis an elegant response to an unavoidable manufacturing reality: even tightly controlled
ceramic ferrules and installed fibers exhibit finite eccentricity. Because this error is vectorial, angular registration enables
measured optimization of one important source of lateral core mismatch. The technology is especially attractive where
single-mode connector loss, channel-to-channel uniformity and random-mate repeatability are constrained by the system
power budget.

XiOptics’ NXTCore implementation brings this LC-derived mechanism to the ARINC 801 format through a micro-hex ferrule
carrier, an internally keyed terminus body and the standard connector anti-rotation interface. Its separate carrier/connector-
body engagement philosophy also seeks to preserve axial spring responsiveness without direct carrier sliding against the
connector insert. These features are meaningful engineering differentiators that should be evaluated in system qualification
using repeatable random-mate statistics and controlled environmental evidence.

The appropriate technical position is not that six-position tuning makes every interconnect perfect. Itis that controlled
angular registry can reduce the insertion-loss contribution of a measurable, otherwise uncontrolled eccentricity vector while
preserving the standard ARINC 801 interconnect architecture. When combined with high-quality ferrules, controlled physical-
contact geometry, clean mating interfaces and sound spring mechanics, it supports robust low-loss optical links.
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