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Abstract 

This paper provides an in-depth analysis of microwave technology's increasingly critical 
and important roles (300 MHz - 300 GHz) within the aerospace sector. The unique interaction 
mechanisms of microwaves with matter, ranging from dielectric heating, vividly demonstrated 
by cooking a papad (Figures 1 & 2) through energy coupling with water molecules, to 
absorption, reflection, and transmission, are fundamental principles engineered into sophisticated 
aerospace systems. This research delves into specific applications, examining their underlying 
physics, technical implementations, operational benefits, and inherent challenges. Key areas 
explored include: Wireless Power Transmission (WPT) for extending unmanned aerial vehicle 
(UAV) mission endurance via beamed energy, potentially utilizing high-frequency bands like 28 
GHz as explored by Shimamura et al.; advanced radar systems (pulse-Doppler, AESA) 
employing microwave scattering for essential sensing, navigation, and surveillance across 
various atmospheric conditions; microwave-based de-icing systems applying targeted dielectric 
heating (akin to the papad example) or resonant absorption for enhancing flight safety, as 
conceptualized in patents by Salisbury and Feher & Schnack; high-bandwidth satellite 
communications (SATCOM) leveraging specific microwave frequency ranges (L, Ku, Ka bands) 
for global connectivity, as detailed by providers like Huang Liang Technologies and SMCQ; and 
emerging aerospace concepts such as microwave-generated plasma for aerodynamic flow control 
and high-efficiency Microwave Thermal Propulsion (MTP) for space launch, a concept 
extensively detailed by Parkin. By synthesizing information from foundational research and 
specific technological developments, this paper highlights the profound and growing impact of 
microwave engineering on aerospace operational efficiency, safety, and future capabilities. 
Introduction 

Microwave radiation, encompassing frequencies from 0.3 to 300 GHz, is a cornerstone 
technology in aerospace engineering. Its utility stems from a unique confluence of properties: the 
ability to penetrate dielectric materials, the capacity for directed high-energy transfer, the 
potential for sharp beam focusing (especially at higher frequencies), and highly specific, 
frequency-dependent interactions with gases, liquids, and solids. While the household 
microwave oven, operating typically at 2.45 GHz, provides a familiar example of dielectric 
heating, visualized by the rapid heating and structural changes in a papad due to microwave 
energy absorption by water molecules (Figures 1 & 2), this same physical mechanism finds 
direct, critical application in aerospace systems such as anti-icing/de-icing. However, the 
aerospace relevance of microwaves extends far beyond this single principle. Reflection 
underpins radar, specific transmission windows enable global communication, and controlled 
absorption facilitates novel propulsion concepts. Microwave technology is thus not merely 
beneficial but fundamentally enabling for modern aeronautics – the science and practice of 
atmospheric flight and its transition to space. It empowers UAVs with extended endurance, 
provides essential all-weather sensing for navigation and traffic management, guarantees global 
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communication links, enhances flight safety against environmental hazards like icing, and offers 
pathways to revolutionary launch systems. This paper presents a detailed technical overview of 
these multifaceted applications, emphasizing the engineering principles and drawing on specific 
examples from the cited literature (Parkin's MTP work, Shimamura's WPT experiments, Feher & 
Schnack's de-icing patents) to illustrate the depth of microwave technology's integration into the 
aerospace domain. We will explore how fundamental physics, demonstrated simply by the papad, 
scales to complex, mission-critical systems. 

 
Figure 1: The pictures of the papad after being exposed to each  

level of microwave power. 
 

 
Figure 2: The height of the papad per level of microwave power for 20 seconds of 

exposure 
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Fundamentals of Microwave Interaction with Matter in Aerospace 
Aerospace microwave systems exploit several key interaction mechanisms, the 

understanding of which is crucial for system design and optimization: 
1.​ Dielectric Heating: This describes how materials with molecules that have positive and 

negative ends (like water or ice) heat up in microwaves. The microwave's rapidly 
changing electric field makes these molecules try to flip around constantly. This rapid 
movement causes friction between molecules, generating heat from the inside out, like in 
the papad experiment. How well this works depends on factors like the microwave's 
power and frequency, and specific properties of the material itself that determine how 
much energy it absorbs (related to technical terms like 'complex permittivity' and 'loss 
factor'). For microwave de-icing, engineers choose frequencies (like those in S-band or 
C-band) that are strongly absorbed by ice but less so by the aircraft structure underneath, 
focusing the heat where it's needed. 

1.​ Targeted Absorption: Specific materials can be engineered with high absorption 
cross-sections at desired microwave frequencies. This allows for efficient, localized 
heating. In Microwave Thermal Propulsion (MTP), materials like silicon carbide or 
specialized ceramics capable of withstanding extreme temperatures are potentially used 
in heat exchangers designed to maximally absorb gigawatts of power from a 
ground-based microwave beam (Parkin). Similarly, some de-icing concepts embed 
microwave-absorbent materials or structures within the wing's leading edge, efficiently 
converting incident microwave energy to heat, which then conducts to the surface. 

1.​ Reflection and Scattering (Radar Principle): When microwaves hit things like metal 
aircraft or even boundaries between different materials, they bounce off or scatter. How 
strongly they bounce back depends on the object's size, shape, material, and the specific 
microwave frequency used; this 'reflectivity' is measured technically as Radar Cross 
Section (RCS). Aerospace radar works by sending out microwave signals and listening 
for echoes. The time it takes for an echo to return tells the distance (range). Tiny changes 
in the frequency of the echo (Doppler shift) reveal how fast the object is moving towards 
or away from the radar. This is key for modern radars ('pulse-Doppler') to pick out 
moving targets from background reflections ('clutter'). The direction the antenna points 
gives the target's angle. Different microwave frequencies (bands) are used for different 
jobs: lower frequencies (L-band) travel further for long-range surveillance; higher 
frequencies (X-band, Ka-band) provide finer detail (better resolution) using reasonably 
sized antennas ('apertures'), suitable for weather detection, targeting, or detailed ground 
mapping (SAR). 

1.​ Transmission: Microwaves can travel through space and air, but they can be weakened 
('attenuated') by being absorbed or scattered by air molecules, rain, clouds, or fog 
('hydrometeors'). Luckily, there are specific frequency ranges ('windows') where this 
weakening effect is minimal, making them suitable for reliable satellite communications 
and long-range radar. Also, materials used to build aircraft, like the nose cone covering a 
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radar ('radome') or composite fuselage panels, need to let microwaves pass through easily 
without absorbing much energy ('low loss'). Materials like quartz-fiber composites are 
often chosen because they are 'transparent' to the specific microwave frequencies used by 
antennas mounted inside or for energy needed for applications like de-icing through the 
structure (Feher & Schnack). 

Therefore, selecting the optimal frequency for any aerospace microwave system involves 
complex trade-offs considering bandwidth requirements, desired resolution (radar) or data rate 
(comms), atmospheric propagation characteristics, component availability and cost, antenna size 
constraints (driven by wavelength), and potential for interference with other systems (Huang 
Liang Technologies). 
Microwave Beamed Energy for Aeronautical Platforms: Extending Flight Endurance 
Wireless Power Transmission (WPT) via microwaves offers a potential solution to the critical 
endurance limitations of electric aircraft, particularly UAVs. By beaming energy from a ground 
station or aerial platform to an onboard rectifying antenna ('rectenna') (Figure 3), WPT could 
enable missions demanding persistence far exceeding battery capabilities. This is pivotal for 
continuous aerospace operations like stratospheric communication relays (HAPS) or persistent 
intelligence, surveillance, and reconnaissance (ISR). The University of Tsukuba experiment 
successfully powered a drone using a 28 GHz beam, demonstrating the principle with specific 
hardware (Shimamura et al.). However, operationalizing WPT faces hurdles directly relevant to 
the aerospace environment: 

●​ Efficiency: Achieving high end-to-end efficiency (greater than 50% is often considered a 
target for viability) requires optimizing high-power microwave sources, reducing energy 
loss as the beam travels through the air (where it can be absorbed, scattered, or even 
spread out by heating the air itself - 'thermal blooming'), and maximizing how well the 
receiving device ('rectenna') converts microwaves back to electricity (currently often 
below 50-70% depending on frequency and power density) (Dutfield). 

●​ Beam Control: Keeping the beam precisely aimed at a moving aircraft needs advanced 
Pointing, Tracking, and Acquisition (PTA) systems; some ideas involve beams that can 
automatically steer themselves back towards the receiver ('retrodirective steering'). Air 
turbulence can also wobble or spread the beam (Shimamura et al. 1425). 

●​ Power Scaling & Safety: Delivering kilowatts or megawatts needed for larger platforms 
over kilometers necessitates large antennas ('apertures') at both ends; physics dictates 
('diffraction limit') that a larger antenna is needed to keep the beam tightly focused over 
distance for a given microwave frequency. This also raises safety concerns regarding 
maximum permissible exposure limits for humans and fauna and potential interference 
(EMI). Regulatory frameworks for high-power beaming are still evolving. 
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Figure 3: Diagram sketch of wireless-powered transmission for battery-powered 

operations within the UAV. 
 
Microwave Sensing: The Foundation of Aeronautical Radar 

Radar, fundamentally enabled by microwave propagation and scattering, provides 
indispensable all-weather, day/night sensing capabilities critical to nearly all aspects of aviation 
(Figure 4). Specific aerospace radar applications include: 

●​ Airborne Weather Radar: Typically X-band pulse-Doppler systems that map 
precipitation intensity and detect wind shear, crucial for tactical avoidance of hazardous 
weather. 

●​ Navigation/Terrain: Radar altimeters (often FMCW or pulse systems around 4.3 GHz) 
provide precise height. Then, TAWS/EGPWS uses this data with a terrain database for 
CFIT prevention. 

●​ ATC Radar: Ground-based systems like Airport Surveillance Radar (ASR, shorter 
range) and Air Route Surveillance Radar (ARSR, longer range) use L/S-band frequencies 
for broad area coverage. SSR Mode S and ADS-B technologies rely on L-band 
(1030/1090 MHz) interrogation/response protocols for detailed aircraft identification and 
state vector reporting. 

●​ Military Systems: Modern fighter jets often use advanced AESA radars. Unlike older 
radars that physically moved the antenna dish, AESA radars steer the microwave beam 
electronically, almost instantly. This lets them track many targets at once, rapidly switch 
between different tasks, like searching for new targets, tracking known ones, mapping the 
ground, or even performing electronic jamming, and they are more reliable – if some 
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parts fail, the radar often keeps working just with slightly reduced performance. They are 
also harder for enemies to detect ('Low Probability of Intercept' or LPI). Synthetic 
Aperture Radar (SAR) modes generate high-resolution ground imagery by coherently 
processing radar returns along the aircraft's flight path. AEW&C platforms use large L or 
S-band arrays for long-range air surveillance. 

The ability of microwaves to penetrate clouds, rain, and fog makes radar an irreplaceable sensing 
modality for ensuring safety and efficiency in the dynamic aerospace environment. 

 
Figure 4: Sketch of Basic radar principle 

 
Microwaves for Aircraft Safety: The De-icing Application 

Applying the dielectric heating principle effectively demonstrated by the papad, 
microwave energy offers a promising technology for combating aircraft icing, a major flight 
safety hazard (Figure 5). By selectively depositing energy into ice or water layers, these systems 
aim to efficiently remove or prevent ice accretion. Specific patented concepts highlight 
engineering approaches: 

●​ Internal Heating: Salisbury's patent describes a system potentially using S-band 
microwaves generated internally to heat a specialized, lossy waveguide or tube running 
along the leading edge. Heat generated within this element then conducts through 
structural members (vanes) to the outer skin, melting ice from underneath. 

●​ Direct/Through-Structure Heating: Feher & Schnack's concept leverages the RF 
transparency of composite materials. Microwaves are beamed through the main structure 
to be absorbed either directly by the ice layer (utilizing water's high dielectric loss factor 
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at microwave frequencies) or by a specially designed thin conductive or absorbent layer 
located just beneath the outer skin, providing heat precisely at the ice interface. 

●​ Hybrid Systems: Combining microwave ice detection sensors (which can potentially 
measure ice thickness and location more accurately than traditional sensors) with targeted 
microwave heating elements allows for closed-loop control, activating heating only when 
and where necessary, optimizing power usage, and potentially reducing runback refreeze 
issues (Sampson 2022). 

Compared to traditional bleed air systems (heavy, impact engine performance) or electrothermal 
pads (power-intensive, potential delamination issues), microwave de-icing holds potential for 
reduced weight, faster response, and better integration with composite airframes, directly 
contributing to aerospace safety and efficiency. EMC remains a critical design consideration.  

 

​
Figure 5: Basic sketch of the concept of microwave de-icing systems for better aircraft 

control 
Emerging Aerospace Applications: Plasma Actuation and HPM Countermeasures 
Microwave technology is also driving innovation in advanced aerospace concepts: 

●​ Plasma Generation for Flow Control: Research cited by sources like Erfani et al. and 
Iranshahi & Mani explores using Dielectric Barrier Discharges (DBDs), often sustained 
by RF or microwave power, to create plasma actuators directly on aerodynamic surfaces. 
These actuators introduce momentum or thermal effects into the boundary layer, 
potentially enabling active flow control for enhanced lift, reduced drag, improved stall 
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characteristics, or enhanced mixing in scramjet combustors relevant to hypersonic flight 
(Shang et al.). While still largely experimental for flight applications, microwave-induced 
plasma offers a unique mechanism for interacting with airflow without moving parts. 

●​ High-Power Microwave (HPM) Counter-Drone Systems: Addressing asymmetric 
threats, HPM weapons are being developed as directed energy systems for C-UAS roles. 
Systems like Epirus Leonidas generate intense microwave pulses (potentially megawatts 
of peak power) aimed at disrupting or damaging sensitive semiconductor junctions within 
drone electronics through effects like front-door/back-door coupling, causing upset 
(temporary malfunction) or burnout (permanent damage) (Sherman; Lowery; Breaking 
Defense). The key aerospace challenge is developing HPM sources that are sufficiently 
powerful, compact, efficient, and rapidly steerable for deployment on ground vehicles, 
ships, or potentially airborne platforms, while managing beam propagation effects and 
minimizing fratricide/collateral damage. 

Microwave Communications: Connecting the Aerospace Domain 
Microwaves are the backbone of modern high-capacity aerospace communications, 

essential for safety, navigation, and operations. 
●​ LOS & Tactical Links: Systems like Link 16 use specific microwave bands (960-1215 

MHz) with spread spectrum techniques for secure, jam-resistant tactical data exchange. 
●​ SATCOM: Provides over-the-horizon connectivity vital for transoceanic flights and 

operations in remote areas. Systems utilize allocated frequency bands (L-band for safety 
services/low data rate, Ku/Ka bands for high-throughput passenger broadband and 
operational data) linking aircraft antennas (ranging from omnidirectional blades to 
sophisticated electronically steered phased arrays) to geostationary (GEO), medium Earth 
orbit (MEO), or low Earth orbit (LEO) satellite constellations (Huang Liang 
Technologies; SMCQ). Achieving multi-Gbps throughputs via Ka-band requires 
advanced modulation ( high-order QAM), powerful error correction coding, and careful 
management of atmospheric effects like rain fade. 

●​ GNSS: Global systems like GPS rely on precisely timed signals transmitted on L-band 
frequencies (L1, L2, L5) containing navigation data modulated onto pseudo-random 
noise codes, enabling receivers to calculate accurate PNT. 

●​ Internal RF Networks: The integrity of all RF signals onboard relies on high-quality 
microwave components like low-loss coaxial cables ( Times Microwave Systems' 
products designed for low attenuation and phase stability), connectors, and waveguides 
specified to minimize signal degradation and prevent interference between the multitude 
of transmitting and receiving systems operating nearby on an aircraft. 

The relentless growth in data demand ensures continuous development in aerospace microwave 
communications, pushing towards higher frequencies and more sophisticated antenna and signal 
processing techniques.  
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Bridging Aeronautics and Space: Microwave-Powered Launch  
Perhaps the most transformative potential aerospace application is Microwave Thermal 

Propulsion (MTP), aiming to drastically cut space launch costs. As detailed by Parkin, MTP uses 
a ground-based, gigawatt-class microwave beamer (potentially employing large arrays of 
gyrotrons or other high-power sources) to transmit energy to a rocket during ascent (Figure 6). 
An onboard rectenna or waveguide feeds this energy into a heat exchanger, heating a 
low-molecular-weight propellant like hydrogen to extremely high temperatures ( greater than 
3000 K). Expelling this superheated propellant generates thrust with a theoretical specific 
impulse (Isp) significantly higher (potentially 2-3 times) than the best chemical rockets (Parkin 
Research). This performance leap could enable reusable SSTO vehicles, revolutionizing access 
to space. However, the technical hurdles are immense: building the multi-gigawatt beamer and 
ensuring atmospheric transmission; developing heat exchanger materials (advanced ceramics, 
refractory metals) that survive extreme temperatures and thermal cycling under high power flux; 
achieving millimeter-precision beam tracking over hundreds of kilometers; and the sheer scale 
and cost of the required ground infrastructure (Parkin Research). MTP remains a long-term 
vision but highlights the ultimate potential of harnessing microwave energy for aerospace 
propulsion. 

​
Figure 6: A basic sketch of Microwave propulsion systems 

 



Paatur 10 

Challenges and Future Directions in Aerospace Microwave Technology 
Despite successes, realizing the full potential of microwave technology in aerospace 

necessitates overcoming significant challenges: 
●​ Power, Efficiency, Thermal: Increasing the power output, efficiency (DC-to-RF), 

linearity, and reliability of microwave sources, especially solid-state amplifiers (GaN, 
SiC, potentially diamond), while managing waste heat in compact aerospace 
environments, is critical. 

●​ Beam Control & Propagation: Developing cost-effective, wide-angle, rapidly steerable 
antennas (especially phased arrays) and accurately modeling/mitigating complex 
atmospheric effects (scintillation, ducting, absorption lines) are key for high-performance 
radar, comms, and WPT/MTP. 

●​ Materials: Pushing the boundaries of materials science for lower-loss dielectrics, 
higher-temperature absorbers/heat exchangers, more efficient rectenna elements, and 
improved semiconductors directly impacts system performance. 

●​ EMC/EMI: Ensuring electromagnetic compatibility in increasingly dense RF 
environments onboard aircraft and with external systems requires meticulous design, 
shielding, filtering, and testing (adhering to standards like DO-160). 

●​ SWaP-C: Continuous reduction in Size, Weight, Power, and Cost remains paramount for 
widespread adoption, particularly on smaller platforms like UAVs and CubeSats. 

Future directions involve moving to higher frequencies (like millimeter waves) for more data 
capacity/ radar detail. We'll see more use of 'digital beamforming' (using computers to flexibly 
shape and steer microwave beams), and intelligent algorithms to create 'smart' or 'cognitive' radio 
systems that can automatically adapt to changing conditions, avoid interference, and make the 
best use of available frequencies ('optimized resource allocation'). Engineers are also working on 
combining different functions, like radar and communications, into a single antenna system 
('combined apertures') and exploring new ideas like using networks of smaller, separate sensors 
working together ('distributed RF sensing'). 
Conclusion 

Microwave technology is deeply embedded within the fabric of modern aeronautics and 
space systems, extending far beyond simple heating principles like those observed with a papad. 
Its sophisticated applications, grounded in the fundamental physics of wave-matter interaction, 
are essential for contemporary flight operations and future aerospace applications. From the 
indispensable sensing provided by radar systems and the global connectivity enabled by 
SATCOM, to safety enhancements like de-icing and visionary concepts such as wireless power 
transfer and microwave thermal propulsion, the controlled use of microwave energy drives 
capability and innovation. While substantial engineering challenges related to power, efficiency, 
materials, beam control, and integration demand ongoing research and development, the 
trajectory is clear. Microwave technology will continue to be a critical enabler, shaping the 
evolution of aircraft, spacecraft, and the very means by which we operate within the atmosphere 
and explore beyond, solidifying its position as a vital application within aerospace engineering. 
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