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Executive Summary

RF filters are mission-critical components in satellite communications, radar payloads, electronic warfare
(EW) systems, and space-based sensing platforms. Their role—selecting, rejecting, and conditioning
signals across MHz to GHz frequency bands—is essential to system performance. However, designing RF
filters for space introduces a unique set of environmental and physical challenges that far exceed
terrestrial requirements.

This white paper explores:
¢ The fundamental differences between cavity and lumped-element RF filters in space
e Environmental concerns (vacuum, thermal extremes, radiation, high RF power)
e Failure mechanisms unique to space (outgassing, multipaction, corona)

e Detailed explanation of multipaction and design techniques to mitigate it

RF Filter Technologies in Space
Cavity Filters

Cavity filters use metallic resonant structures to confine electromagnetic energy and achieve extremely
high quality factors (Q). These resonators can achieve Q values orders of magnitude higher than lumped
element filters, enabling low insertion loss and high selectivity. A typical cavity filter is shown in Figure 1.
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Figure 1 — Typical Cavity Filter

Advantages:
e Very high Q (low loss, sharp selectivity)
e Excellent power handling (kW-class and beyond)
e Superior thermal and frequency stability
Challenges:
e Llarge size and mass
e Mechanical sensitivity (vibration, thermal expansion)

e Multipaction susceptibility due to internal vacuum gaps

Lumped Element Filters (LC Filters)

Lumped element filters use discrete inductors and capacitors in a compact package that mounts via
surface mount, through hole or with connectors. A typical lumped-element filter is shown in Figure 2.
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Figure 2 — Typical Lumped Element Filter

Advantages:
e Compact and lightweight
e Easier integration into modules
e Lower cost for lower frequencies
Challenges:

e Lower Q and higher losses
e Limited high-frequency scalability (typically <~4 GHz practical)
e Lower power handling

e Susceptibility to parasitics and radiation effects

Hybrid / Distributed Filters

Modern space systems often use waveguide or distributed-element filters at higher frequencies,
combining aspects of cavity behavior with more compact geometries .
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Environmental Challenges in Space RF Filter Design

Vacuum Environment

Key Issues:
e No convective cooling = heat removal only via conduction and radiation
e QOutgassing of materials - contamination of optics and RF surfaces
e Electron mobility increases - enables multipaction

Outgassing can degrade performance and contaminate adjacent components, especially in high-Q cavity
filters .

Temperature Extremes and Cycling
Space systems experience:
e -150°C to +150°C (or wider depending on orbit)
e Rapid thermal cycling
Design Impacts:
¢ Thermal expansion mismatch - detuning of resonators
e Stress-induced deformation = frequency drift
e Changes in dielectric constants (lumped filters)

Cavity filters are particularly sensitive because resonance is geometry-dependent.

High RF Power Density

Satellite payloads often operate at high RF power levels, particularly:
e Communications payloads (TWT amplifiers)
e Radar and EW systems

High power creates:

e Electric field intensities - breakdown risk
e Localized heating - detuning or damage

e Increased multipaction probability
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Radiation Environment
Radiation effects include:
e Material degradation
e Dielectric charging
e Parametric drift in lumped components

Lumped filters are more vulnerable due to dielectric components, whereas cavity filters are largely
metallic and more radiation-tolerant.

Mechanical Stress (Launch + Operation)
Filters must survive:

e High vibration and shock during launch

e Long-term micro-vibration in orbit
Design implications:

e Mechanical robustness

e Stable mounting structures

e Avoidance of microphonics (frequency modulation due to vibration)

High-Frequency Design Challenges

Scaling Effects

At higher frequencies:
e Lumped components become impractical (very small inductance values required)
e Cavity and waveguide filters dominate

Surface Effects
e Skin depth decreases - surface roughness matters

e Conductivity and plating (e.g., silver, gold) become critical
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Spurious Modes
e  Cavity filters can support unwanted resonances

e Mode suppression and control are critical design aspects

Multipaction: Physics, Risks, and Impact
What is Multipaction?

Multipaction is an electron avalanche phenomenon occurring in vacuum RF environments when
electrons resonate with RF fields and multiply exponentially.

e RF fields accelerate electrons

e Electrons strike surfaces - emit secondary electrons
e Secondary electrons repeat the process

e If emission yield >1, avalanche occurs

This requires:

1. Vacuum (long electron mean free path)
2. Sufficient RF electric field strength

3. Resonant timing between electron motion and RF cycle

Why Multipaction is Critical in Space Filters
Multipaction causes:
e RF signal distortion and increased noise figure
e Reflected power increase
e Local heating and detuning
e Catastrophic failure (arcing or breakdown)

Because satellites cannot be repaired, multipaction must be eliminated at the design stage.
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Where Multipaction Occurs in Filters
Most susceptible regions:
e High-field gaps between conductors
e Coupling apertures between cavities
e Interfaces with dielectrics (triple points)
e Waveguide transitions

The “triple point” (metal—dielectric-vacuum interface) is particularly vulnerable due to field
enhancement and electron emission .

Designing RF Filters to Survive Multipaction

Eliminating multipaction risks requires an iterative process of modeling, fabricating, and testing. Designs
in the 1-20 GHz range with 1-10 mm gaps require careful consideration. Modeling software, such as
Spark3D, effectively calculates the Radio frequency (RF) breakdown power level in a wide variety of
passive devices. Material selection, including plating material and thickness, is critical, followed by
careful fabrication, surface finishing and processing. The prototype is then tested in a hypobaric
chamber that supports high power RF testing. An example of such a test system is shown in Figure 3.
Any evidence of multipaction during testing will require a design iteration. Having in-house test
capabilities including multipaction, vibration, mechanical shock, temperature cycling and shock, reduce
the design lead time.
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Figure 3 — High Power RF testing in a hypobaric chamber

Electric Field Management

Goal: Keep electric fields below multipaction threshold. Techniques:
e Increase conductor spacing
e Reduce peak field concentrations

e Optimize coupling coefficients

Geometry Optimization
e Avoid parallel plate structures that support resonance (No parallel plate regions < A/20)
e Use curved or irregular surfaces to disrupt electron trajectories
e Add grooves or textures to break resonance paths

¢ Minimum gap spacing = A/10 (preferred)
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Surface Material Selection
Multipaction depends strongly on secondary electron yield (SEY).
Preferred approaches:

e Use materials with low SEY (e.g., treated metals)

e Apply coatings (e.g., TiN, carbon-based)

e Maintain clean, smooth surfaces

Elimination of Sharp Edges
Sharp edges create:
e Field enhancement
e Electron emission sites
Design rules:
e Use rounded corners
e Avoid “triple point” geometries

e Ensure smooth transitions

Control of Dielectrics
Dielectrics introduce:
e Charging effects
e Increased multipaction risk
Mitigation:
e Minimize dielectric exposure in high-field regions

e Use space-qualified low-SEY materials
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Outgassing Control

Outgassing contributes to:
e Free electron population
e Surface contamination

Design approaches:

e Use low-outgassing materials (NASA/ESA approved)
e Bake-out processes before launch

e Avoid organic adhesives in RF cavities

Power Derating and Margining

e Design for operation below predicted multipaction thresholds

e Apply safety margins (often several dB)

e Use worst-case VSWR conditions

Simulation and Modeling
Modern tools:

e Particle-in-cell (PIC) simulations

e Multipactor prediction software (per ECSS/NASA standards)

Simulations evaluate:
e Electron trajectories
e SEY thresholds

e Breakdown power levels

Testing and Qualification
Standard practices:

e Vacuum RF power testing

Mtron www.Mtron.com

Page 10 of 12



I'Ll'l M .t T Design Needs and Challenges of RF Filters for
ro n Space Applications

Innovative RF Solutions

e Multipaction threshold testing
e Thermal vacuum cycling
Standards:
e ECSS multipaction guidelines (ECSS-E-ST-20-01C)
e NASA (NASA-HDBK-4007A)

e ANSI Standard/Handbook for Multipactor Breakdown Prevention in Spacecraft Components
(ANSI/AIAA S-142-2016)

Design Trade-Offs: Cavity vs Lumped Element Filters in Space

Attribute Cavity Filters Lumped Element Filters
Q/ Loss Very high Moderate to low

Size Large Compact

Power Handling Excellent Limited

Multipaction Risk Higher (vacuum gaps) Lower (but still present)
Frequency Range Microwave/mmWave Low microwave (<4 GHz)
Radiation Sensitivity Low Higher

Thermal Stability High (metallic) Moderate

Emerging Design Trends
e Additive manufacturing of cavity filters for weight reduction
e Advanced coatings to suppress SEY
e Hybrid cavity—planar filters for SWaP optimization

e Al-driven multipaction prediction models
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Conclusion

Designing RF filters for space is a multidisciplinary challenge that integrates electromagnetics, materials
science, thermal engineering, and reliability engineering. Cavity filters dominate high-frequency, high-
power applications due to their superior Q and power handling, while lumped element filters serve
compact, lower-frequency roles.

The space environment introduces unique challenges:
e Vacuum enables multipaction and outgassing
e Thermal extremes drive mechanical and electrical instability

e High RF power pushes components toward breakdown limits

Among these, multipaction is one of the most critical failure mechanisms, requiring deliberate design
strategies including geometry control, material selection, surface treatment, and rigorous testing.

Ultimately, successful space RF filter design depends on predictive modeling, conservative design
margins, and disciplined qualification processes—because once deployed, failure is not an option.
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