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Executive abstract 

Optical insertion loss in densely populated MIL-DTL-38999 Series III connectors can vary from channel to channel even when 
individual optical termini satisfy their dimensional and optical acceptance criteria. A major system-level mechanism is 
imperfect registration of plug and receptacle cavity patterns. The plug and receptacle shells locate through mating diameters 
and key/keyway features; their allowable angular play, insert-to-shell clocking, concentricity and cavity positional errors 
collectively determine the transverse approach offset of each opposing terminus pair. 

An angular mismatch that appears negligible at the connector centerline can become significant at the outer radius of a high-
density insert. Optical contacts are designed to float and self-center over a finite range, but this corrective range is not 
unlimited. When shell geometry consumes too much of the available alignment budget, spring-loaded termini can approach 
the interface at excessive offset or angularity, producing incomplete engagement, side loading, altered contact force, mating-
cycle sensitivity and unstable measured insertion loss. The engineering solution begins with the connector shell and its cavity 
datum chain—not with ever tighter ferrule diameters alone. 

1. Problem definition and observable symptoms 

A properly qualified optical terminus can exhibit low insertion loss when tested in a precision reference fixture, yet deliver 
higher or less repeatable loss after installation in a multichannel cylindrical connector. Diagnostic indicators include channels 
near the insert perimeter showing greater variability; loss changing during the final portion of coupling-nut travel; and optical 
output changing when an otherwise fully engaged coupling interface is subjected to slight reversible movement. These 
symptoms are consistent with cavity registration and contact-load interaction, but contamination, endface damage, fiber 
strain, polishing geometry and metrology instability must be excluded before assigning root cause. 

The engineering objective is to minimize the plug-to-receptacle mating-axis mismatch at every cavity while preserving mating 
compatibility, spring-controlled contact engagement, environmental sealing, mechanical robustness and the required 
connector envelope. 
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2. Datum architecture: from shell keyway to optical fiber core 

The complete registration chain is composed of the shell mating diameters; major and minor keys/keyways; angular 
orientation of the insert relative to the shell; nominal cavity coordinates; cavity true position and size; retention clip/contact 
alignment geometry; ferrule and alignment-sleeve geometry; and residual fiber-to-ferrule eccentricity. Errors at each stage 
need not align in the same direction. A conservative worst-case assessment vectors adverse tolerances, whereas statistical 
assemblies must consider their actual distributions and correlations. 

For the i-th cavity, let its nominal in-plane coordinate be rᵢ = [xᵢ, yᵢ]ᵀ measured from the shell center. Represent receptacle and 
plug pattern origins by tᵣ and tₚ, rotations by θᵣ and θₚ, and cavity/insert deviations by εᵣ,ᵢ and εₚ,ᵢ. The approximate plug-to-
receptacle cavity mismatch is: 

Δᵢ = (tₚ − tᵣ) + [R(θₚ) − R(θᵣ)] rᵢ + (εₚ,ᵢ − εᵣ,ᵢ) 

Here R(θ) is the planar rotation matrix. This formulation separates translation of the shell axes, relative angular registry and 
local cavity position errors; it also makes clear why the resulting error vector differs by channel position. 

 

Figure 1 — Original conceptual illustration of a multichannel cavity pattern and the radial dependence of rotational 
mismatch. Rotational error is exaggerated. 

3. Why the outermost optical channels are most vulnerable 

For coaxial plug and receptacle patterns with relative angle Δθ, the exact chord displacement attributable to rotation alone is 
dθ = 2r sin(|Δθ|/2); for small angles, dθ ≈ r|Δθ| in radians. The sensitivity therefore grows approximately linearly with cavity 
radius. A cavity near the center experiences little movement from pure shell rotation; a cavity near the outside diameter 
experiences the largest tangential shift. 

Cavity radius (in) Δθ = 0.5° Δθ = 1.0° Δθ = 2.0° 
0.100 0.87 mil 1.75 mil 3.49 mil 
0.200 1.75 mil 3.49 mil 6.98 mil 



XiOptics   |   OPTICAL INTERCONNECT ENGINEERING 

XI-TP-38999-001  •  Rev A  |  31 Oct 2026  •  Page 3 

0.300 2.62 mil 5.24 mil 10.47 mil 
0.380 3.32 mil 6.63 mil 13.26 mil 

 

These values are purely geometric sensitivities, not permitted MIL-DTL-38999 dimensional limits or measured cavity positions. 
For example, a 0.300-inch cavity radius and 1.0° differential rotation produce approximately 0.00524 inch (5.24 mil) of 
tangential displacement before any cavity true-position, insert clocking or shell translation is added. 

 

Figure 2 — Analytical rotation-only displacement as a function of cavity radius. No contact compliance or local cavity 
tolerance is included. 

4. Tolerance allocation: the connector-level alignment budget 

4.1 Angular key/keyway registry 

Keys establish rotational orientation and prevent incorrect mating, but finite key width, keyway width and feature-position 
tolerances permit angular play. Treating the keyway as an anti-mismating feature alone is insufficient for low-loss optical 
performance: the angular relationship of its load-bearing faces to the insert cavity datum frame also matters. For worst-case 
analysis, consider both dimensional clearance and true angular position. A tighter nominal width without controlled angular 
location may provide only limited improvement. 

4.2 Engaging shell diameters and radial offset 

Diametral clearance between plug and receptacle mating surfaces allows relative transverse translation and potential tilt 
during engagement. The exact location of shell seating under coupling load depends on contact force, key engagement, 
interface geometry and manufacturing tolerances. A reduced but still compliant fit may improve cavity congruence; 
specification interchangeability and sealing must be demonstrated against the intended mating population. 

4.3 Insert-to-shell registration and cavity true position 

Even perfectly aligned shell axes do not guarantee aligned cavities. The insert must be assembled with controlled angular 
position relative to the major keyway, and cavity locations must be controlled to the correct datum reference frame. 
Manufacturing fixtures, inspection datums and assembly verification should close the loop from the shell keyway to the actual 
installed cavity pattern. Cavity true position is a diametral GD&T tolerance-zone concept; it must not be conflated with a 
unidirectional radial displacement. 



XiOptics   |   OPTICAL INTERCONNECT ENGINEERING 

XI-TP-38999-001  •  Rev A  |  31 Oct 2026  •  Page 4 

4.4 Worst-case versus statistical stacks 

A worst-case model intentionally combines extreme errors in adverse directions and is appropriate for screening potential 
interference and mating failures. It does not predict the frequency of those combinations. A statistical tolerance analysis or 
Monte Carlo model can estimate likely production distributions once component measurements, true-position characteristics 
and covariance information are available. Quoting an average of worst-case cavity mismatches as an expected optical loss is 
not valid; the optical link must be tested independently. 

5. The contact system: float, angularity and spring travel 

Size-16 removable optical contacts typically rely on a guide-sleeve/ferrule alignment function together with limited radial 
freedom and spring compliance. During initial mating, lead-in geometry can guide an approaching ferrule into a concentric 
optical alignment sleeve. During final coupling, axial spring motion must remain available so the ferrule endfaces maintain the 
specified physical-contact condition without excessive side loading. 

The critical systems relationship is the difference between (a) capture range during approach, (b) allowable installed radial 
float, (c) permissible ferrule angularity and (d) stable endface contact at full mate. A large lead-in capture capability is not 
proof that the contact can tolerate the same continuous lateral offset without optical penalty. Excessive misregistration may 
cause a contact to reach its radial travel limit, deflect under side load, bind in the contact cavity or experience changed axial 
spring response. 

Contact-system clearances should therefore not be indiscriminately tightened to compensate for shell misalignment. Doing so 
may reduce the compliance necessary for self-centering. Engineering effort should first reduce the shell/insert contribution to 
mismatch, then preserve qualified contact float and alignment-sleeve geometry. 

6. Mechanical-to-optical coupling: explaining variable insertion loss 

Insertion loss is ultimately determined by optical-mode coupling at the interface. Connector-level geometric misregistration 
affects loss indirectly: it changes how the mating ferrules enter and load the alignment system, whether full physical contact is 
achieved and whether the interface remains stable under coupling, vibration and environmental stress. Other independent 
variables include fiber-core eccentricity, endface profile and cleanliness. 

For idealized identical Gaussian single-mode fields, lateral core displacement δ with mode-field radius w gives a first-order 
efficiency η ≈ exp[−(δ/w)²] and loss IL ≈ 4.343(δ/w)² dB. This optical expression describes the sensitivity of idealized 
waveguides; the shell-level cavity displacement calculated earlier must not be substituted for δ because the ferrule alignment 
sleeve and contact float intervene between the two geometries. 

A connector can therefore display low insertion loss under one coupling condition and a higher loss after slight rotational or 
axial change when assembly stack-up is near the limit of the contact system’s compliant range. Such behavior should trigger 
mechanical positional measurement and optical trending at multiple defined coupling states, rather than immediate rejection 
of the ferrules themselves. 

7. Recommended precision-control priorities 

Design / process control Engineering rationale Validation 

Control master-key angular location Reduces differential rotational error across 
peripheral cavities 

Shell GD&T relative to mating diameter and key 
datum 

Control key/keyway functional clearance Reduces free clocking after shell engagement Functional gages; population mating 
Control engaged shell concentricity and 
clearance Limits translational offset and tilt Diameter/concentricity measurement; mate 

under load 
Register insert pattern to shell datum Limits build-induced clocking variation Assembly fixture qualification; CMM inspection 
Preserve optical contact compliance Allows self-centering and axial contact force Float, spring force, travel and side-load tests 

Validate combined system optically Shows whether geometry improvements 
translate into stable IL 

All-channel remate and coupling-position 
measurements 
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8. Verification protocol for multichannel optical connectors 

A suitable engineering validation plan should include matched plug/receptacle dimensional measurements; key/keyway width 
and angular position; engaging shell diameter clearance; insert-to-keyway clocking; positional measurement of each cavity; 
ferrule/terminus float and axial spring characteristics; and insertion-loss measurements for every channel during progressive 
coupling, full torque, controlled relaxation and repeated mating. 

Use multiple shell and insert manufacturing lots and more than one mating partner. Record channel coordinate/radius so the 
response can be correlated with shell angularity. Distinguish reference-mate loss from random-mate population distributions, 
and report wavelength, fiber type, cable restraint, cleaning method, test uncertainty and physical-contact verification. 
Environmental conditioning and durability data should be separate from the static tolerance model. 

9. Engineering implications for new and legacy designs 

For new high-density optical configurations, shell angular registration and insert clocking should be treated as first-order 
optical-performance design inputs. For legacy systems, targeted investigation of key clearance, shell play and insert 
registration may explain channel outliers without mandating changes to the qualified optical contacts. A tighter shell/interface 
design remains subject to the interchangeability, durability, finishes, corrosion resistance, sealing and qualification 
requirements imposed by the applicable connector specification and program drawings. 

A practical design hierarchy is: establish repeatable mating-shell datums; minimize rotational and translational cavity-pattern 
mismatch; maintain insert orientation control; preserve contact self-alignment and spring compliance; then use endface and 
ferrule process improvements to reduce residual optical loss. No single tolerance controls the whole result. 

10. Conclusions 

Channel-to-channel loss variation in a MIL-DTL-38999 optical connector is a connector-system problem, not exclusively a 
terminus problem. The largest geometric risk frequently lies in the combined angular and translational mismatch of the 
plug/receptacle cavity patterns, especially at the greatest radial distance from the shell axis. Because rotation-induced 
displacement scales with cavity radius, peripheral channels provide particularly sensitive indicators of relative shell registry. 

Precision shell keying, controlled insert-to-shell clocking and verified cavity true position reduce the geometric burden placed 
on a compliant optical contact system. The optical contact’s designed float and guide-sleeve capture should be preserved to 
accommodate the remaining tolerances. The ultimate criterion is stable, repeatable optical performance across all channels 
and representative mating populations—supported by dimensional evidence and direct insertion-loss testing, not geometry 
alone. 
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