High-Density Interconnects for Space Resilience and Distributed Satellites
Enabling SmallSats, Proliferated LEO Constellations, and Resilient Space Architectures
Introduction

The transition toward small satellites, proliferated Low Earth Orbit (LEO) constellations, and resilient
space architectures is fundamentally reshaping spacecraft design. These distributed systems require
high-performance electrical interconnects that deliver increased signal density, reduced mass, and long-
term survivability in extreme space environments. Traditional spacecraft wiring approaches are
insufficient for meeting the combined demands of miniaturization, radiation exposure, thermal extremes,
and rapid production scalability.

This whitepaper examines how high-density, lightweight, and radiation-tolerant interconnect
solutions serve as a critical enabling technology for modern space systems. It explores technical
requirements, material selections, applicable standards, and design considerations necessary to
support resilient, distributed satellite missions.

Evolution of Space Architectures and Interconnect Demands

Space system architectures have shifted from a small number of large, monolithic satellites

toward distributed constellations of smaller, networked spacecraft. Proliferated LEO systems provide
increased coverage, reduced latency, rapid replenishment, and improved survivability in contested
environments.

For small satellites, proliferated LEO constellations, and resilient space architectures, wiring and
interconnects must be lightweight, space-qualified, radiation-tolerant, low outgassing, thermally stable,
and mechanically robust while also supporting high signal integrity and dense routing in tight volumes.

This architectural evolution introduces new interconnect challenges:

e Higher onboard data rates due to advanced sensors and processors

Increased power distribution density in compact satellite buses

Reduced mass and volume allowances

Greater exposure to radiation and environmental stressors

The need for redundancy and fault tolerance at the subsystem level
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Electrical interconnects must now support high-speed data, power integrity, and mechanical
durability within dramatically constrained envelopes.

High-Density Interconnect Requirements for SmallSat Platforms
e Electrical Performance

Modern SmallSats integrate payloads such as synthetic aperture radar (SAR), hyperspectral imaging,
optical communications, and autonomous processing. These capabilities drive requirements for:

o High-frequency signal transmission

o Lowinsertion loss and controlled impedance

o Reduced crosstalk in tightly packed harnesses

o Stable dielectric performance over temperature and radiation exposure

High-density wiring enables increased conductor counts while preserving signal integrity through
optimized geometry and shielding techniques.

Physical and Mechanical Constraints

Small satellite buses impose severe limitations on wiring systems:
o Reduced bend radius allowances
e High connector density in confined avionics bays
e Resistance to vibration and shock during launch

High-density interconnect designs utilize smaller conductor gauges, thin-wall insulation, and compact
termination systems to meet these constraints without sacrificing reliability.

Metallic wires for high-density and RF Paths are used. Examples:

e Gold-plated molybdenum and tungsten fine wires provide lightweight, high tensile strength and
thermal/radiation tolerance

e Silver-plated copper/alloy conductors balance weight vs conductivity for signal/power
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Weight Reduction Through Advanced Materials

Mass reduction remains one of the most impactful contributors to mission efficiency and launch cost
savings. Wiring harnesses, while often overlooked, can account for a significant percentage of a
spacecraft’s dry mass.

e Conductor Materials
Common conductor materials used in high-density space wiring include:

o Silver-plated copper for optimal conductivity and corrosion resistance used for space-lite
cables (MIL-DTL-81381)

o Copper alloys optimized for strength-to-weight performance

o Aluminum conductors select power applications where mass savings outweigh increased
termination complexity

¢ Insulation Materials

Advanced insulation materials enable thinner walls while maintaining electrical and environmental
performance:

o PTFE (Polytetrafluoroethylene): Excellent dielectric stability and radiation resistance

o ETFE (Ethylene Tetrafluoroethylene): Improved mechanical toughness with reduced wall
thickness

o Polyimide: High thermal endurance and space heritage, often used in layered constructions
o Cross-linked fluoropolymers: Enhanced resistance to cracking and cold flow
These materials allow designers to achieve higher conductor density with reduced harness mass.
Radiation Tolerance and Environmental Survivability
e Radiation Exposure in LEO and Beyond
Satellites operating in LEO are exposed to:
o Totallonizing Dose (TID)

o Single Event Effects (SEE)
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o Atomic oxygen erosion
o Ultraviolet radiation
e Interconnect materials must resist:
o Dielectric breakdown
o Insulation embrittlement
o Signal degradation over mission lifetimes

Radiation-tolerant wiring systems incorporate fluoropolymer insulations, shielding layers, and controlled
material formulations validated through radiation testing.

e Thermal and Mechanical Stress
Spacecraft wiring must withstand:
o Wide temperature ranges
o Repeated thermal cycling
o Launch vibration and acoustic loading
o Vacuum-induced outgassing

High-density interconnects are designed and qualified to maintain electrical and mechanical integrity
across these extremes. Space-grade connectors are optimized for low magnetic permeability, minimal
outgassing, and resistance to atomic oxygen corrosion and radiation effects. Connectors often define
system reliability; poor interconnects can fail under thermal cycling or radiation.

Supporting Resilience and Fault-Tolerant Architectures

Resilient space architectures emphasize redundancy, graceful degradation, and rapid recovery. High-
density interconnects enable these strategies by allowing:

e Redundant signal and power paths within limited volumes
e Cross-strapped avionics and payload subsystems

e Modularwiring architectures that isolate faults
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By reducing harness size and weight, designers can integrate additional redundancy without exceeding
platform constraints, directly supporting mission resilience.

Manufacturing Scalability and Constellation Production

Proliferated constellations require repeatable, high-quality manufacturing processes. High-density
interconnect systems support:

e Standardized cable constructions

e Modular harness designs

e Automated or semi-automated assembly techniques

e Consistent electrical performance across large production runs

These characteristics are essential for meeting rapid deployment schedules and sustaining long-term
constellation replenishment strategies.

Applicable Standards and Specifications

High-density space interconnect solutions are developed and qualified in accordance with established
aerospace and military standards, including:

e MIL-W-22759: Aerospace wire performance and material requirements

e MIL-STD-810: Environmental testing for vibration, shock, and thermal extremes

e MIL-STD-461: Electromagnetic compatibility (EMC) considerations

o NASA-STD-8739: Workmanship standards for electrical interconnections

e AS9100: Quality management systems for aerospace manufacturing
Compliance with these standards ensures reliability, traceability, and mission readiness.
Supplier Capabilities

Reliable interconnect technologies for space systems must be supported by suppliers with spaceflight
heritage, qualification to aerospace standards, and production capabilities that match the scale and
quality needs of modern distributed satellite architectures.
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Material Information Summary

e Space Hook-up Wires - XLETFE/PTFE/Kapton insulated copper/alloy — Proven, lighter than
standard wire

e Flex PCBs - Polyimide Flex Circuits — Highest density, lowest mass

e Fine Metallic Wires — Gold-plated molybdenum, silver-plated copper — Ultra-light, radiation
tolerant

e Connectors/Interconnects — Space-grade micro-D, gold/platinum plating — Robust contact,
corrosion resistance

Conclusion

As space systems evolve toward smaller, distributed, and more resilient architectures, electrical
interconnects have become a mission-critical technology. High-density, lightweight, and radiation-
tolerant wiring solutions enable increased functionality, reduced mass, and enhanced survivability within
constrained satellite platforms.

By leveraging advanced conductor materials, thin-wall insulation technologies, and space-qualified
manufacturing processes, modern interconnect systems directly support the performance and resilience
of SmallSats and proliferated LEO constellations. These solutions are essential for ensuring reliable
operation in increasingly congested, contested, and operationally demanding space environments.

High-density interconnects are not merely a supporting component; they are a foundational enabler of
next-generation space resilience.
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