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Abstract

This study investigates the feasibility and possible improvement of microwave power
transmission (MPT) in a space-based solar power system (SSPS). SSPS, a concept proposed
by Dr. Peter Glaser in 1968, aims to harness solar energy in space, free from atmospheric
constraints, and transmit it to Earth using microwaves or lasers. Our focus is on enhancing
the efficiency and cost-effectiveness of MPT, which accounts for a significant portion of
SSPS expenses. In this work, we propose the use of a novel field emission-based rising-sun
magnetron (RM) in the MPT subsystem, aiming to extend system longevity and simplify
construction, while dramatically reducing the implementation cost. It is demonstrated that
the optimization of the RM design at 2.45 GHz can achieve a high output power of >100 kW
with a high efficiency of >85%, based on the well-established conformal finite-difference
time-domain particle-in-cell simulations. This research provides valuable insights into
improving SSPS, making it a more viable and sustainable renewable energy solution.

Keywords: Field emission; microwave; rising-sun magnetron; solar based energy technol-
ogy; wireless power transmission

1. Introduction
Space-based solar power is the concept of collecting solar energy in orbit and transmit-

ting it to Earth [1]. Unlike ground-based solar collectors, it offers longer operating periods,
minimal atmospheric interference, and orbital positioning that enables nearly continuous
energy capture. A considerable fraction, about 55–60%, of incident solar energy fails to
reach the surface of the Earth due to atmospheric reflection, absorption, and scattering. A
space-based solar power system (SPSS) converts sunlight into microwaves or lasers beyond
the atmosphere, thereby eliminating atmospheric losses and rotational downtime, though
at the significant expense of orbital deployment. Space-based solar power is regarded as a
form of sustainable or renewable energy and an environmentally friendly option. It might
be one of the best candidates to solve all the problems of fossil fuel depletion, nuclear
waste production, and global warming at once. The concept of an SSPS, originally known
as a satellite solar-power system, was first proposed by Dr. Peter Glaser in November
1968 [2], and the technique of transmitting power from an SSPS to the surface of Earth
by directing microwaves from a large satellite antenna to a ground-based rectenna was
patented in 1973 [3]. The National Aeronautics and Space Administration (NASA) granted
contract [4] highlighted major obstacles, notably the expense of transporting materials into
orbit and the lack of large-scale space project experience, but determined that the concept
was promising enough to justify further research. Between 1978 and 1986, the United States
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Congress authorized the NASA and the Department of Energy (DoE) to conduct a joint
study of the concept, leading to the Satellite Power System Concept Development and
Evaluation Program [5,6]. The study remains the most extensive to date, with a budget
of 50 million USD [7]. Several reports were produced assessing its engineering feasibility,
and one of them, entitled "Power Transmission and Reception Technical Summary and
Assessment," was related to the wireless power transmission (WPT) [8], which is the most
important sub-system of SSPS. The project was discontinued for several decades follow-
ing the change in administrations after the 1980 US federal elections. NASA renewed its
assessment of SSPS feasibility in 1997, taking into account the technological progress of
the period and asserted that the “US National Space Policy now calls for NASA to make
significant investments in technology (not a particular vehicle) to drive the costs of Earth
to Orbit (ETO) transportation down dramatically. This is, of course, an absolute require-
ment of space solar power” [9]. NASA established the Space Solar Power Exploratory
Research and Technology program (SERT) in 1999 to investigate solar power satellite (SPS)
architectures. The program explored concepts for a gigawatt-level space power system
capable of converting sunlight into electricity and transmitting it to Earth, and it identified
a pathway for advancement using the current technologies available during that time. As
part of its studies, SERT proposed inflatable gossamer structures with photovoltaic arrays
and concentrator lenses or solar heat engines for power generation. It assessed both sun-
synchronous and geosynchronous orbits, estimating that SPS would only be economically
viable if launch costs were in the range of USD 100–USD 200 per kilogram of payload to
low Earth orbit [7]. In 2009, Dr. Pete Worden argued that space-based solar power was
approximately five orders of magnitude more costly than solar power generated in the
Arizona desert, with transportation of materials to orbit being the primary expense. He
further described potential solutions as speculative and unlikely to be available for several
decades at the earliest [10]. In recent decades, SSPS has been actively pursued by Japan,
China, and Russia. In 2008, Japan enacted the Basic Space Law, designating space solar
power as a national objective [11], and the Japan Aerospace Exploration Agency (JAXA)
subsequently prepared a roadmap toward its commercialization. On 2 November 2012,
China proposed a space cooperation initiative with India that included SSPS [12]. In 2015,
the China Academy of Space Technology (CAST) presented its roadmap at the International
Space Development Conference (ISDC), outlining a plan for a 1 GW commercial system by
2050 and releasing both a video [13] and a description [14] of their design. On 12 March
2015, JAXA reported the successful wireless transfer of 1.8 kW over a distance of 50 m to a
small receiver by converting electricity into microwaves and then reconverting it back into
electricity [15,16]. In the same year, Mitsubishi Heavy Industries demonstrated a 10 kW
transmission to a receiver located 500 m away [17]. The WPT technology aims to replace
conventional cable-based transmission of electricity, and recent successful demonstrations
suggest broad potential for terrestrial applications [18]. However, ongoing research in
WPT highlights several technical challenges, such as beam divergence over long distances,
alignment and tracking accuracy, rectenna conversion losses, and the limited lifetime of
conventional microwave sources [8]. Researchers have explored a range of approaches,
including microwave-based WPT using solid-state phased arrays and klystrons for beam-
forming and frequency stability, as well as laser-based optical power transmission for
higher precision [14,18]. While solid-state systems offer excellent control and scalability,
they are often limited by lower efficiency and high cost per watt. Laser-based systems
provide better directional control but suffer from atmospheric attenuation and require a
strict line of sight [18]. In contrast, microwave-based WPT using magnetrons provides
high efficiency and simpler hardware, but with trade-offs in beam control and long-term
source reliability [8]. Solving these challenges is essential for realizing reliable and efficient
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wireless energy transfer over long distances, which will facilitate the transmission of power
to locations where the installation of power cables has been difficult or dangerous. The
SSPS/WPT systems are expected to enable power transmission for diverse applications,
with one of the most immediate possibilities being wireless charging of electric vehicles.
The WPT approach under development for SSPS relies on microwave technology, which,
once matured, will allow power delivery across distances far greater than any existing
system [18]. In this concept, electricity is generated by solar cell panels aboard a geosta-
tionary satellite positioned 36,000 km above Earth. The harvested energy is transmitted to
the surface via microwave or laser links without cables, and subsequently converted into
usable electrical power. Because the source is renewable and environmentally clean, the
SSPS is anticipated to play a major role in addressing global energy demand while also
contributing to environmental sustainability.

Table 1 lists the key parameters of the microwave power transmission used in a
1 GW commercial SSPS proposed by CAST, China [14], where 128,000 units of 5.8 GHz
conventional magnetrons (CMs) at a power level of 12.5 kW with ∼54% of efficiency are
required, and a mass of 4000 Tons is estimated. The corresponding cost of this subsystem
can be found in Table 2. As one can see, the cost of the microwave power transmission is
about USD 9210M, consisting of ∼30% of the total cost of the SSPS. The main portion of the
high cost is due to the development and transportation requirements associated with the
large number and mass of magnetrons in the subsystem. As the WPT is the most important
sub-system of an SSPS and the current rates on the Space Shuttle run between USD 7000
and USD 11,000 per kilogram of transported material, this becomes one of the main hurdles
against the realization of an SSPS [18].

Table 1. Summary of primary parameters of the MPT for a 1 GW Multi-Rotary Joints SPS (MR-
SPS) [14].

Microwave power transmission Frequency of microwave 5.8 GHz
Efficiency ∼54%
Diameter of transmitting antenna 1000 m
Number of antenna modules 128,000
Transmitting power of an antenna module 12.5 kW
Mass 4000 t
Diameter of receiving antenna 5 km

Table 2. The cost analysis result of space segment (million USD) [14].

Sub-System Design Development
Transportation

(1000
USD/kg)

Construction
Operation

and
Maintenance

Close and
Recycle Total

SECC 5 2000 2000 1200 200 200 5605
PTM 5 2000 2500 1000 500 250 6255
MPT 10 3600 4000 800 400 400 9210

Structure 5 600 1200 550 50 120 2525
AOC 5 500 100 200 2500 10 3315
TM 5 150 150 0 150 15 470

ISRM 10 250 50 100 250 5 665

Total 45 9100 10,000 3850 4050 1000 28,045

The MPT subsystem is pivotal in SSPS, requiring robust and efficient microwave
generation technology. Here, the cavity magnetron, widely used in applications like
radars and microwave ovens, emerges as a critical component. Characterized as a high-
efficiency, high-power, and low-cost device, the magnetron produces microwave oscillations
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through electron interaction in crossed electric and magnetic fields with metal cavity
resonators [19–27]. Despite its efficiency, typically around 66.7% in commercial applications,
and potential to reach above 90%, the lifespan of traditional magnetrons is limited mainly
due to cathode degradation [22]. The cavity magnetrons generally employ a thermionic
or heated cathode [24], which is biased at a high negative potential by a high-voltage
direct-current power supply, while the anode is held at ground potential. The cathode
filament is typically composed of tungsten with a small addition of thorium to enhance
electron emission [25]. Although thorium is a radioactive element, the associated cancer
risk is negligible under normal operating conditions, since it does not become airborne. A
potential hazard arises only if the filament is removed from the magnetron, ground into fine
particles, and inhaled. Nevertheless, the operational lifetime of a magnetron is primarily
constrained by the thermionic cathode, which is often shortened by surface contamination, a
phenomenon referred to as cathode poisoning. Under such conditions, the emissive coating
degrades rapidly when subjected to excessive current loading, resulting in reduced electron
emission and diminished output power. Recently, field emission arrays have demonstrated
current densities exceeding 100 A/cm2 [28], suggesting the feasibility of employing field
emission electron sources, or cold cathodes, in microwave tubes. Addressing this, our work
proposes the use of field emission-based magnetrons in SSPS MPT.

This innovation can extend the lifespan, simplify assembly, and reduce costs, making
SSPS more viable. The "rising sun" configuration of these magnetrons further eases fabrica-
tion and enhances reliability [24–35]. Our approach integrates state-of-the-art conformal
finite-difference time-domain (CFDTD) particle-in-cell (PIC) simulation [20–27] to optimize
this design for SSPS applications. Replacing a thermionic cathode with a field emission
cathode can both extend device lifetime and significantly reduce the complexity of the
external circuitry and assembly process. By advancing magnetron technology, we aim to
overcome one of the key hurdles in SSPS, thereby contributing to the development of a
sustainable and efficient space-based solar power generation system.

The remainder of this article is organized as follows: Section 2 provides a detailed de-
scription of the simulation models and setup. Section 3 presents the simulation results and
provides a comprehensive discussion. Finally, Section 4 summarizes the main conclusions
of this study.

2. Simulation Models and Setup
The design and optimization of the rising-sun magnetron (RM) have been carried

out using the CFDTD PIC simulation as implemented in VSim. This advanced simula-
tion technique is beneficial for several reasons, such as accuracy in complex geometries
by the implementation of the Dey–Mittra cut-cell boundary algorithm, allowing for the
accurate modeling of curved boundaries within the VORPAL framework [29,30], speed
and efficiency, robustness to material boundaries, and improved emission algorithms. The
design parameters of the magnetron have been verified to operate at the targeted 2.45 GHz
frequency, confirmed through a CFDTD simulation with a grid resolution of 102 × 102 and
corroborated by finite element method (FEM) frequency domain calculations with over
99% accuracy [23,36]. The dispersion curve of a magnetron is a crucial characteristic that
indicates the relationship between the frequencies of the modes of oscillation and their
phase shifts. Adequate mode separation on the dispersion curve is essential for the stable
operation of a magnetron, as it helps to ensure that the desired mode of oscillation can
be maintained without interference from adjacent modes. In a CM, mode separation can
be difficult to achieve due to the symmetrical nature of the side cavities, often requiring
additional components like straps to achieve the desired separation. The RM configuration
presents a significant advantage over conventional designs by inherently providing better
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mode separation. The asymmetric structure of the rising-sun design allows for the natural
suppression of undesired modes, which helps to ensure that the πmode can be isolated and
stabilized. This intrinsic property of the RM not only simplifies the design by eliminating
the need for straps but also reduces the risk of mode jumping and mode competition, which
can lead to inefficiencies and unstable operation, as illustrated in Figures 1 and 2.

Figure 1. Scaling of the geometry parameters from a conventional magnetron (CM), case a, to a
2.45 GHz rising-sun magnetron (RM), case c.

Figure 2. Dispersion curves of CM and RM cavities.

To investigate the effect of cavity geometry on mode separation, three design cases
were analyzed with varying cavity radii, as illustrated in Figure 1. In case a, both cavity1
and cavity2 have a radius of 3.89 cm, leading to insufficient mode separation. Case b
modifies the cavity2 radius to 3.11 cm, achieving greater mode separation for the πmode,
as evidenced by the dispersion curves. Case c further reduces the radius of cavity2 to
2.334 cm, attaining the desired frequency of 2.45 GHz for the π mode with significant
mode separation from adjacent modes of the 3π/5 and 4π/5 modes, which exhibit pretty
large frequency shifts. Figure 2 shows the corresponding dispersion relations for the three
geometries, featuring two eigenfrequency branches versus phase shift.
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Figure 3 explores the π-mode frequencies as a function of the RM normalized geometric
parameters, optimized at 2.45 GHz. This normalization facilitates geometry optimization,
correlating with the practical dimensions of the magnetron, specifically an anode radius
of 0.872 cm, a cavity1 radius of 3.89 cm, and angles of 0.174 radians for both cavity1 and
cavity2. The corresponding Hull cutoff and Buneman–Hartree (B–H) curves of CM (case a)
and RM (case c) cavities are shown in Figure 4. The schematic of a 10-vane field emission-
based RM, designed using the VSim code, is shown in Figure 5. It details the geometry
parameters and radio frequency (RF) output loading, with the design aimed at fostering
π-mode oscillation. During stable, resonant operation, we anticipate the formation of five
electron cloud spokes, indicative of the desired mode. Optimized geometric parameters,
essential for determining the operational frequency of the cavity, are provided in Table
3. Finally, Figure 6 presents the dispersion curves for the RM, computed and verified
through cold test simulations using both the FEM and CFDTD methods alongside a hot
test simulation employing the CFDTD PIC technique. The π-mode interception with the
operating curve is cleanly achieved, with minimal mode competition. However, attention
must be given to the π/5 mode at 1.59 GHz, which, due to its proximity to the operating
curve, could potentially compete with the πmode.

Figure 3. Relationship between π-mode frequency and normalized cavity geometry parameters of
the RM model using the finite element method.

Figure 4. Hull cutoff and Buneman–Hartree characteristics of the CM (case a) and RM (case c) models
for the π/5, 2π/5, 3π/5, 4π/5, and πmodes.
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Figure 5. Schematic of a 10-vane field emission-based RM illustrating the key geometric parameters
and an RF output load used in the VSim CFDTD PIC simulation.

Table 3. RM dimensions in the CFDTD PIC simulation.

Cavity Geometry Parameters Dimensions

Cathode radius 0.389 cm
Anode radius 0.872 cm
Cavity1 radius 3.890 cm
Cavity2 radius 2.334 cm
Cavity angle 10.0 degree

Figure 6. Benchmark of the rising-sun magnetron using the cold test simulations with the FEM and
CFDTD method, and a hot test simulation with the CFDTD PIC method.

In the simulation, to approximate the RF power output and dissipation in the mag-
netron, a single long cavity along the horizontal x-axis is loaded with an absorber. This
setup emulates the power coupling and acts as a control for the loaded quality factor (Q),
which is set at 336 in this instance. Although a true output port is absent in the 2D simula-
tion, we can simulate the power output by directing the port toward the absorber, enabling
us to estimate the magnetron efficiency. The CFDTD scheme, particularly when coupled
with PIC simulations, can mimic the real-world operating conditions of the magnetron, in-
cluding thermal effects and electron emission characteristics. This comprehensive approach
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ensures that the simulations are not just theoretical but also have practical applicability,
forecasting how the magnetron will perform under actual operational stresses.

3. Simulation Results and Discussion
In our comprehensive simulation study using the CFDTD PIC methodology, the

emission of macro-particles was carefully regulated at 50 particles per cell for each time
step. The simulations were conducted within a 102 × 102 cell resolution grid, covering an
8.2 cm square domain, to ensure detailed spatial analysis. The total time duration of these
simulations was extended to 1000 ns, a timeframe established post extensive convergence
testing to ensure the accuracy of the results.

The operation of the RM is meticulously optimized by adjusting critical parameters
such as the cathode–anode voltage (Vca) and the applied magnetic field (B). This optimiza-
tion process can be visualized on an efficiency (B-V) map, intersected by the Hull cutoff and
the Buneman–Hartree (B-H) resonance conditions, as depicted in Figure 7. The simulations
underscore the delicate balance required for stable magnetron oscillation: excessively high
voltages at a fixed magnetic field disrupt stability, while insufficient voltages lead to subop-
timal efficiency, in alignment with the B-H theory [31,32]. Furthermore, the simulations
reveal that voltages near but below the Hull cutoff can induce mode competition, often
manifesting as oscillation between the desired πmode at 2.45 GHz and the competing π/5
mode at 1.59 GHz. When faced with severe mode competition, the electron spokes exhibit
instability, detracting from the device performance. To resolve these challenges, numerous
simulation iterations have been conducted to pinpoint an optimal operating point that
maximizes both the output power and efficiency of the RM. The culmination of these efforts
is illustrated in Figure 7, where a distinct operational region has been identified. At this
juncture, marked by a red star, the magnetron achieves an impressive efficiency of 85.4%.
This point lies strategically above the Hartree resonance line and below the Hull cutoff
voltage, indicating a harmonious balance between voltage and magnetic field strength
conducive to high-efficiency, stable π-mode operation without being affected by mode
competition. These results not only validate the theoretical underpinnings of magnetron
operation but also pave the way for the practical realization of high-efficiency microwave
sources. The RM, with its optimized design and operational parameters, stands poised to
enhance the performance of SSPS/MPT systems and other high-power applications where
efficiency and stability are paramount.

Figure 7. Operating conditions of the 2.45 GHz RM model represented in an efficiency (B-V) map
with the corresponding Hull cutoff and Buneman–Hartree resonance curves.
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Figure 8a presents the spectral analysis of the oscillations within cavity1, extracted
from a 1000 ns CFDTD PIC simulation. The Fast Fourier Transform (FFT) reveals a dominant
π-mode oscillation at 2.45 GHz, under an applied voltage of 23.5 kV and a magnetic field
strength of 0.295 T. This frequency signature confirms the robustness of the πmode under
the given simulation conditions. Complementing this spectral view, Figure 8b illustrates the
temporal stability of the loaded cavity voltage over time. The plot highlights the “start-up”
phase, where the oscillation frequency stabilizes, signifying the transition to a steady-state
operation. During this phase, the growth in anode current and cavity power is indicative
of the magnetron transition from initiation to stable operation. Through this diagnosis, the
start-up time for the magnetron has been identified at approximately 90 ns.

Figure 8. (a) FFT of the cavity1 voltage of the field-emission-based rising-sun magnetron over the
entire simulation time and (b) time evolution of the resonant frequency, indicating a start-up time of
90 ns, from the CFDTD PIC simulation.

The dynamic evolution of the electron spoke formation is captured in Figure 9, showcas-
ing the sequential development of the π-mode pattern. By 144 ns, the electrons are bunched
into a well-defined π-mode configuration, demonstrating the swift establishment of the
desired operating mode. This visual documentation of the electron spoke progression is in-
strumental in verifying the start-up period and the subsequent stabilization of the magnetron
π-mode oscillation. These figures collectively serve as critical diagnostic tools in evaluating
the performance and operational efficiency of the magnetron. Through both spectral and
temporal analyses, coupled with direct visual inspection of electron dynamics, we gain com-
prehensive insights into the magnetron behavior from ignition to the steady-state phase. This
multi-faceted approach is essential for confirming the theoretical predictions and ensuring the
practical viability of the RM design. In this design, one of the large cavities of the RM was
loaded with an absorber along the x-axis to model the output coupling and the RF dissipation.
The absorber is parameterized as a cavity load whose loss is tuned to set the magnetron
loaded Q, which is 336 in this configuration. For the 2D simulation, there is no genuine output
port for this model, but it is feasible to mimic the device output using the port leading to the
absorber and the corresponding power density to calculate the efficiency of this magnetron.
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Figure 9. Screenshots of electron clouds at 80 ns, 144 ns, 224 ns, and 352 ns from the 2D CFDTD PIC
simulations of the rising-sun magnetron at Vca = 23.5 kV and B = 0.295 T. The red dots represent electron
macroparticles. At 144 ns, the electrons are bunched into a well-defined π-mode configuration.

Figure 10a shows the simulation results of the averaged cathode–anode voltage and
anode current represented by a red solid line and a blue dotted line, respectively. The average
procedure was done with a low-pass filter analyzer provided in the analyze window for post-
processing in the VSim code. The linear anode current density is determined by averaging the
anode current after oscillation, which is stable at about 212.1 A/m. The product of the cathode
voltage and the averaged anode current density gives the linear input power density of about
4.985 MW/m. The averaged linear output power from the 2D CFDTD PIC simulation is about
4.255 MW/m, as shown in Figure 10b, so the output efficiency is determined to be 85.4%.

Figure 10. (a) Anode voltage and averaged anode linear current density, and (b) averaged output
loading power evaluated using the CFDTD PIC simulation at the applied voltage Vca = 23.5 kV and
static magnetic field B = 0.295 T.
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The output power distribution across a range of magnetic field and voltage values sim-
ulated is illustrated as an output power (B-V) map in Figure 11. The red star denotes the
high-efficiency operating point of 85.4% with a corresponding output power of 4.255 MW/m,
obtained from the 2D CFDTD PIC simulation. This output power map serves as a useful
reference for identifying favorable operating conditions for rising-sun magnetrons, helping
to distinguish regions of high output power with lower efficiency, which are less suitable
for practical implementation. Figure 12 shows the output power and efficiency of commer-
cially available 2.45 GHz CMs. Extrapolating from the 2D simulations to a potential 3D
design, assuming an RM with a cavity height of 2.5 cm, maintains the same cross-sectional
profile as observed in the x-y plane. This model predicts a current density of approximately
0.869 A/cm2, a value within the capabilities of field emission arrays or cold cathodes under
the maximally achievable current density demonstrated experimentally [28]. The extrapolated
output power for such a design stands at an estimated 106.4 kW, affirming the potential of
this design for application in the proposed WPT subsystem.

Figure 11. Operating conditions of the 2.45 GHz RM model represented in an output power (B-V)
map with the corresponding Hull cutoff and Buneman–Hartree resonance curves.

Figure 12. Output power and efficiency of commercially available magnetrons at 2.45 GHz. The
solid star shows the best result of this work at 23.5 kV with an output power of 106.4 kW at a
85.4% efficiency.
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4. Conclusions
From the hot test simulation results based on the well-established CFDTD PIC model-

ing, it has been demonstrated that a preliminary 2.45 GHz RM design after the optimization
would achieve a high output power of >100 kW with a high efficiency of >85% using a
feasible field emission current according to the achievable current density from widely
available FEAs. Compared with a conventional strapped magnetron with a thermionic
cathode, the proposed field-emission based rising-sun magnetron simplifies fabrication and
assembly by eliminating the heater and strapping. The proposed design, disclosing the po-
tential capability of producing higher power at one or two orders of magnitude than those
commercially available on the market today, can dramatically reduce the development and
installation (transportation) cost of an SSPS. For example, the total cost of a GW-class SSPS
was estimated to be about 28,000M USD, and the total savings due to this improvement
could be about 30% or USD 8400M. These attributes directly support microwave power
transmission in space-based solar power by reducing hardware and implementation costs
while extending service life. Therefore, continued development and prototyping of field-
emission based rising-sun magnetrons for MPT are of considerable importance, which can
help make SSPS a more viable and sustainable renewable energy source.
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