N atu re co m m u n i cati o n S https://doi.org/10.1038/541467-026-69582-y
Article in Press

A pulsed optoelectronic microwave source with high
power and frequency tunability

Received: 30 July 2025 Xinyue Niu, Langning Wang, Bin Zhang, Junpu Ling, Qian Zhang, Muyu Yi, Jinmei Yao,
Accepted: 29 January 2026 Jing Hou, Hanwu Yang, Xiaotao Xu, Bo Jiang, Juntao He, Jinliang Liu, Jiande Zhang, Hui
Jing, Tao Xun & Jun Zhang

Cite this article as: Niu, X., Wang, L.,

Zhang, B. et al. A pulsed We are providing an unedited version of this manuscript to give early access to its
optoelectronic microwave source findings. Before final publication, the manuscript will undergo further editing. Please
with high power and frequency note there may be errors present which affect the content, and all legal disclaimers
tunability. Nat Commun (2026). apply.

https://doi.org/10.1038/

$41467-026-69582-y If this paper is publishing under a Transparent Peer Review model then Peer

Review reports will publish with the final article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not
have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.



A pulsed optoelectronic microwave source with high power and frequency tunability

Xinyue Niu ', PhD; Langning Wang '>', PhD; Bin Zhang 2, PhD; Junpu Ling "2, PhD; Qian Zhang 3, PhD;
Muyu Yi 2, PhD; Jinmei Yao "2, PhD; Jing Hou "2, PhD; Hanwu Yang !, PhD; Xiaotao Xu 4, PhD; Bo Jiang 2,
PhD; Juntao He !, PhD; Jinliang Liu !, PhD; Jiande Zhang 2, PhD; Hui Jing °, PhD; Tao Xun “>*, PhD; Jun
Zhang '"»* PhD

T These authors contributed equally to this work

ICollege of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073,
China

2Nanhu Laser Laboratory, National University of Defense Technology, Changsha 410073, China

3Department of Physics and Synergetic Innovation Center for Quantum Effects and Applications, Hunan Normal
University, Changsha 410073, China

“Information Support Force Engineering University, Wuhan, 430035, China

SCollege of Science, National University of Defense Technology, Changsha 410073, China

Corresponding author: Jun Zhang
E-mail: zhangjun_nudt@126.com
Co-corresponding author: Tao Xun

Tel.: +86 13607488836 , E-mail: xuntao@nudt.edu.cn



Abstract

Microwave sources are central to modern technologies ranging from radar and directed energy to medical
applications, yet conventional electronic approaches face long-standing trade-offs between output power and
tunability. Optoelectronic techniques offer a promising alternative by combining the broad bandwidth of optical
systems with the high power-handling capability of wide-bandgap semiconductors. Here we show an
optoelectronic microwave source based on fast-response silicon carbide, enabling picosecond-scale control of
photogenerated carrier lifetime while sustaining power-handling capacities up to 55 MW. The system generates
continuously tunable pulsed microwave emission across the P—L band, delivering peak output power exceeding
1 MW over the 0.25-1.3 GHz range and exhibiting stable nanosecond-scale pulse operation. The generated
pulses exhibit low timing jitter and highly efficient power combining in array operation. These results
demonstrate a scalable route toward high-power, broadband, and flexible microwave sources, enabling
applications that demand simultaneous control over frequency, energy, and spatial distribution.

Key words: high-power microwave (HPM); optoelectronic microwave system (OEMS); wide-bandgap (WBG)
photoconductive semiconductor device (PCSD); multi-parameter adjustable microwave generation; multi-channel

power synthesis



1. INTRODUCTION

High-power microwave (HPM) sources are crucial for applications in directed energy [1], detection and
localization [1, 2], particle acceleration [15], medical treatments [3, 4], microwave heating [5-7], and plasma
generation [8, 9]. Among these, detection, localization, and directed-energy applications impose strict
requirements on the operating bandwidth and frequency agility of microwave sources to accommodate multi-
band demands such as radio communication (~0.4-1 GHz), Wi-Fi (2.4 GHz), GPS (1.5 GHz), airborne
navigation, and satellite links within the L-band. Multi-frequency microwave heating and plasma sources
provide significantly improved heating performance and control flexibility compared to fixed-frequency
methods. Similarly, high-intensity, tunable pulsed electric fields (PEFs) offer emerging strategies for tumor
ablation. Consequently, the development of waveform-modulation and radiation technologies that
simultaneously provide wide bandwidth and high power has become a critical focus in microwave research,
enabling multifunctional system integration, enhanced operational effectiveness, and expanded application
targets [10—13] (Fig. 1f).

Purely electronic microwave sources include vacuum and solid-state types, with vacuum electronic devices
(VEDs) and solid-state power amplifiers (SSPAs) as core components (Fig. 1a). VEDs convert electron beam
kinetic energy into microwave energy via beam—wave interaction, achieving gigawatt-level peak powers and
Ka-band frequencies [14], [15]. However, the center frequency, dictated by the slow-wave structure (SWS),
restricts their adaptability across scenarios and targets [16], [17]. Traveling wave tubes (TWTs), a subset of
VEDs, offer limited tunability, with relative bandwidths up to 77% [18-21]. Yet, backward-wave oscillations
and thermal issues limit their peak power to ~10 kW [22], [23]. Overall, their single-frequency output and bulky
size make VEDs ill-suited for integrated, multifunctional P—L-band applications.

To enhance flexibility, SSPAs have been used to achieve frequency-tunable outputs [24], [25]. SSPAs tune
microwave frequency via gate-controlled carrier modulation. In particular, high electron mobility transistors
(HEMTs), based on two-dimensional electron gases (2DEGs) (Fig. 1a), offer faster response than traditional
metal-oxide—semiconductor field-effect transistors (MOSFETs). However, single HEMT devices are limited to
kilowatt-level power, with maximum relative bandwidths of 10% (kW-level) and 40% (100-W-level) [26-32].
Compared with purely electronic approaches (Fig. 1b), the optoelectronic method provides broader frequency
coverage and greater tunability while maintaining megawatt-level peak power [33-38].

Here, we show a high-power microwave source based on optoelectronic technology (Fig. 1c). The overall
architecture of the optoelectronic microwave source (OEMS) is described, followed by an explanation of its

submodules, including fast-response materials, high-voltage-resistant devices, and high-power system



components. Finally, the application of the array configuration is discussed. The OEMS demonstrates higher
frequency—peak-power performance than traditional electronic microwave sources (Fig. 1d). Moreover, in
optoelectronic systems, the photoconductive semiconductor architecture of the OEMS mitigates the limitations
on source—drain spacing and output power imposed by carrier transit time, thereby enabling higher output power

(Fig. 1e). A detailed comparison of performance metrics is provided in Supplementary Note 19.

2. RESULTS

2.1. Overall Architecture of the OEMS

In contrast to sub-nanosecond pulse sources relying on nonlinear photoconductive mechanisms, which suffer
from limited operational flexibility [S22—S26], this study adopts a linear photoconductive strategy, wherein the
core principle is to amplify radio-frequency signals via an electrical-optical—electrical conversion pathway. The
conceptual schematic and overall architecture of the OEMS are illustrated in Fig. 2a,b. GHz-range microwave
output is achieved through a combination of optical modulation, amplification, optoelectronic conversion, and
array-based radiation. The laser source employs a master oscillator power amplifier (MOPA) architecture,
wherein a modulated seed converts weak electrical signals into tunable optical pulses. A narrowband laser diode
(LD) generates the initial pulsed beam, followed by preamplification to enhance the initial power level. An
electro-optic modulator (EOM) applies GHz-range modulation, accurately imprinting the RF signal onto the
optical carrier with support for a dynamic bandwidth of up to 10 GHz. A subsequent acousto-optic modulator
(AOM) tailors the temporal envelope, enabling tunable repetition rates from 10 Hz to 10 kHz and pulse durations
ranging from sub-nanoseconds to 1 us [39]. Together, these components generate a clean and reconfigurable
seed pulse, enabling precise control over the center frequency, pulse width, and repetition rate of the OEMS
output.

The seed pulses subsequently undergo multi-stage fiber amplification (AMP-1/2/3), employing polarization-
maintaining, highly doped fibers with progressively increasing core diameters to boost peak output power. A
Pockels cell-based repetition-rate reducer ensures synchronization and polarization stability. Final amplification
is conducted via a cascaded Nd: YAG solid-state stage, pulse-pumped to generate high-energy pulse clusters. The
amplified optical pulses are coupled into a power-delivery fiber and distributed across multiple photoconductive
channels.

The system circuitry can be modeled as a series network comprising a high-voltage supply, an energy storage
capacitor, a photoconductive semiconductor device (PCSD), and an output load. Detailed material and device
designs of the PCSD are presented in the following sections. An RF transmission structure located at the device

output delivers microwave power to the load. A suspended-plate antenna array is integrated at the terminal stage,



powered and monitored by a custom constant-current voltage source to enable multi-channel radiation. A
detailed schematic of the full system layout is available in Supplementary Note 1.

When the incident laser modulates the material resistance ( Ry, ), it alters the voltage division between Rg;c
and R),.4, thereby inducing a variation in the load voltage and generating high-power GHz-range RF signals.
Equation (1) captures the relationship among the material resistanceRg;c, substrate thickness d, electrode area S,
and photo-generated carrier concentration n(t), whereas Equation (2) describes the relation between the output

voltage V,,, and the bias voltage V;;,,. Detailed derivations and symbol definitions are provided in Supplementary

Note 2.
2 _ —2ad
RSiC (t) _ t d 5 _ d hV(l Ret ) (1)
n( )q/un 0 q,UnU(l_ R)(l_e—Zad)J' I:)(S)e(s—t)/rodS
RIoad
Vout =Vbias ’ chtructure(f) zVbias ' Rload N RSic )

2.2. Fast-Response Materials for OEMS

The wide-bandgap semiconductor SiC is employed due to its favorable properties, enabling exceptional
performance in high-voltage and high-temperature environments [40—42]. For photogenerated carriers, both their
generation and capture are essential to achieving high power and fast response [43]. By adopting a shallow
donor-deep acceptor (SDDA) complementary doping scheme, shallow energy levels (Nitrogen, Ec-0.05~0.09
eV) ionize electrons in the dark state, which are then captured by traps to maintain high insulation
(Supplementary Note 3). Upon exposure to extrinsic light (1064 nm), electrons trapped in deep acceptor levels
(Vanadium, Ec-0.81~0.97 eV) transition to the conduction band, generating free carriers (Fig. 3a). The material's
optical absorption depth is on the millimeter scale [44], [45], ensuring conduction between the electrodes.

To maximize OEMS output in the P—L band, the total response time is designed to fall between 100 and 150
ps (Fig. 3b). In the photodiode mechanism [46-49], the total response time is given by

z-total

R\ [ Ttrz + TRCZ ,where 7, and 7. denote the carrier transit time through the depletion region and the circuit
response time, respectively. In comparison, the total response time of the OEMS is determined by
Tiotal = «, 2'02 + TRCZ , where 7, represents the carrier lifetime. With an interstage capacitance of 1.6 pF and an
N/V doping ratio of 0.4, both the circuit response time and carrier lifetime are approximately 80 ps, yielding a
total response time of 113 ps. For millimeter-scale dimensions, the OEMS exhibits a total response time

approximately 1% that of the photodiode (Fig. 3c). As previously noted, the OEMS overcomes the trade-off

between material thickness and response frequency, making it well suited high-frequency response in millimeter-



scale devices.

Carrier lifetime was tested for two designed substrate samples, Sample 1 and Sample 2 (Supplementary Note
4). The capture times of the V acceptor level for the two samples were 8.4 ps and 80.2 ps, respectively (Fig. 3d).
The OEMS incorporating Sample 2 exhibited predicted voltage responses of 100% and 50% at laser frequencies
of 0.25 GHz and 2.5 GHz, respectively (Fig. 3e). Sample 1 is predicted to extend frequency response up to 10
GHz; however, output amplitude would decrease markedly, and planar electrodes should be used to reduce
capacitance.

Furthermore, several strategies can effectively facilitate frequency extension in regimes with short carrier
lifetimes. First, optimizing doping levels and introducing efficient recombination centers enhance transient
photoconductivity and improve high-frequency response. At a fixed concentration, recombination centers with
larger electron capture cross-sections can enhance the device’s high-frequency performance (Fig. 3f). Second,
device design should simultaneously increase the overall doping concentration to reduce conduction resistance
and minimize load impedance, thereby enhancing power output (Fig. 3g). Finally, optimizing the external
electrode layout and RF transmission pathway can further extend the circuit bandwidth into higher frequency

regimes [50, 51]. Further technical details are provided in Supplementary Note 5.

2.3. High-Voltage and High-Current Devices for OEMS

A device with opposing electrodes has been developed (Fig. 4a), in which the laser is incident through a
transparent electrode into the substrate. Compared to planar electrodes, this configuration prevents surface
flashover breakdown, offering advantages in blocking voltage and operational lifetime. To mitigate collision
ionization induced by high current density, the incident light is confined to a low-field region away from the
electrode edges. Consequently, during device operation, the peak electric field and peak current density do not
coincide, as shown in Fig. 4b. The dark-state breakdown voltage of the 0.5 mm vertical device was tested
(Supplementary Note 6), with breakdown occurring at the electrode edge when the bias voltage reached 46 kV
(Fig. 4c).

The optical coupling structure is illustrated in Fig. 4d. A comparison was conducted between a single-
reflection configuration and a short-cavity, multiple-pass design employing total internal reflection
(Supplementary Note 7). For a cavity length of 10 mm, the total-internal-reflection scheme enhances optical
intensity by a factor of 3.5 relative to single reflection. However, the associated round-trip delay of 170 ps
introduces group delay dispersion and potential saturation, thereby limiting the high-frequency response. Given
the OEMS’s emphasis on broadband performance and waveform fidelity, the single-reflection configuration was

selected. An AZO layer (150 nm thick), deposited on the front surface of the SiC substrate, yields a theoretical



optical coupling efficiency of 98%, with an experimentally measured value of 95% (Fig. 4e). Under a substrate
thickness of 1.5 mm and an N/V doping ratio of 0.4 (1x10'7 /2.5%10'7 cm™3), the average optical absorption is
approximately 23% (Fig. 4f).

The output peak currents under varying bias voltages and light intensities are shown in Fig. 4g. The output
amplitude increases linearly with bias voltage (1-3 kV) and approximately proportionally with incident light
intensity (0.1-34 mJ). Simulation results indicate that, when triggered by a single-pulse laser with 35 mJ energy
and a 7 ns pulse width, the device reaches a minimum on-resistance of 5.3 Q (Supplementary Note 8). Finally,
the conduction current under illumination was measured with a bias voltage of 30 kV and a circuit load of 11.3
Q. The results show a maximum conduction current of 1.86 kA, with a power capacity of 55 MW and a minimum
on-resistance of 4.83 Q (Fig. 4h), positioning the PCSD among high-performance photoconductive devices (Fig.
41).

2.4. Integrated Performance of the OEMS

The coaxial tapered structure provides a 3 dB bandwidth of 0-3 GHz (Supplementary Note 9), enabling low-
loss RF power transmission within the PCSD. Fig. 5a displays the time-domain output waveforms of the OEMS.
At a bias voltage of 22 kV and a trigger energy of 30 mJ (Supplementary Note 10), the 1 GHz microwave pulse
achieves a peak power of 1.36 MW and an intra-pulse average power of 0.68 MW (Supplementary Note 11).
The pulse width is 30 ns, with a repetition rate of 100 Hz. As shown in Fig. 5b, the peak power decreases with
increasing frequency, primarily constrained by the overall response time of the OEMS. Overall, the OEMS
achieves megawatt-level peak power while offering continuous and flexible frequency tunability across the P-L
band, fulfilling the demands of high-power, multi-parameter microwave systems.

To evaluate the spectral purity of the generated microwave pulses, the FFT-derived power spectrum is shown
in Fig. 5c. Harmonic components are suppressed by more than —14 dB relative to the fundamental frequency,
and the measured 3 dB bandwidth of the main spectral line is 27 MHz, consistent with the 30 ns pulse width
(Supplementary Note 12). A slight waveform broadening caused by voltage division within the series circuit is
identified as the primary source of second-harmonic content. These harmonics contribute negligibly to the peak
power, ensuring that the actual power at the target frequency closely matches the value calculated using the
voltage-based method.

At megawatt output levels, potential sources of harmonic or nonlinear contributions include the voltage-
division network, carrier dynamics in the material, parasitic circuit elements, and optical/electrical saturation
effects. Among these, series load division is currently the most probable origin of harmonic generation. Material

doping and device-level parasitics may introduce frequency-dependent nonlinearities in the output voltage.



Additionally, when the incident optical energy exceeds 12 mJ within a 10 ns pulse and the bias field surpasses
30 kV/mm, nonlinear phenomena such as optical saturation and carrier velocity saturation are expected to
become prominent. In the current OEMS system, however, both the optical power and electric field strength

operate within the linear regime. Detailed saturation thresholds are provided in Supplementary Note 13.

2.5. Array Application of the OEMS

In large-scale array power synthesis, the standard deviation of time jitter is a critical performance metric and
is determined by the stability of the trigger laser. To achieve synthesis efficiency above 95% at 2 GHz, the time
jitter must remain below 20 ps (Supplementary Note 15). The 2 GHz optical signal was characterized within an
8 ns amplitude-flat region (Fig. 6a). As shown in Fig. 6b, at an optical energy of 24 mJ, the time jitter of the
optical signal is 11 ps, meeting the phase-control requirements for efficient array synthesis. By applying an FFT

to the absolute time-jitter sequence, the modified phase-noise power spectrum over the (0, 2 GHz] range was

obtained (Supplementary Note 16), and the relationship is expressed as O’ =1/ WOZJ‘fO 2L(f)df . As shown in
0

Fig. 6¢, periodic spurious peaks introduced by the measurement window appear at 120 MHz and its harmonics,
while the noise spectrum exhibits <—85 dBc/Hz near 87 MHz. This noise is attributed to active-device noise
within the optical amplification chain and trigger jitter from the synchronized driving signals. Future work will
focus on reducing phase noise within the sub-100 MHz region.

The measurement setup is shown in Fig. 6d (Supplementary Note 14). When the four elements radiated
sequentially, the average far-field amplitudes were 257.9 mV, 253.9 mV, 239.2 mV, and 256.7 mV, respectively.
When radiating simultaneously, the array produced an average far-field amplitude of 1.02 V (Fig. 6e),
corresponding to a spatial synthesis efficiency of 98.6%. The amplitude stability of the single-path and array-
combined signals was better than £9.5% and +7.36%, respectively (Supplementary Note 17). In addition, the
measured radiation pattern gain closely agrees with the simulation results (Fig. 6f). These results demonstrate
that the OEMS not only offers modularity, compactness, and tunable-frequency waveform generation, but also
achieves high-efficiency, high-power array synthesis, thereby enabling the development of integrated,
multifunctional microwave systems.

3. DISCUSSION

This study presents an approach for generating high-power microwaves by leveraging wide-bandgap
semiconductors and the broadband advantages of optics. It addresses the limitations of traditional vacuum
electronic devices and solid-state power amplifiers, where balancing peak power and frequency tunability is
inherently challenging. Design requirements at the material, device, and system levels were analyzed. The trade-

off between efficient excitation and rapid recombination in the material was addressed, along with challenges in



high-voltage device design and efficient RF transmission. As a result, the OEMS generates MW-level peak-
power microwave pulses over the 0.25-1.3 GHz range with continuous frequency tunability within the P—L band;
the pulses have a 30-ns FWHM duration at a pulse-repetition frequency of 100 Hz. Building on this, a microwave
power synthesis array achieving 98.62% efficiency was constructed, demonstrating flexible scalability in energy,
spatial, and frequency domains for integrated, miniaturized applications.

The system described here is designed to demonstrate its maximum instantaneous output capability and, as
such, operates in pulsed mode. Adaptation to continuous-wave (CW) operation can be achieved by reconfiguring
the optical source. By replacing the pulsed LD with a CW laser, the MOPA-based architecture can generate
stable continuous microwave output (Supplementary Note 18). Although the maximum power in CW mode is
lower than in pulsed operation, power scaling can still be achieved through multi-channel synthesis, thus

enabling broader application potential.

4. METHODS

4.1. Device Configuration and Fabrication

The 4H-SiC material was selected with an optimized nitrogen/vanadium (N/V) doping ratio of 0.4 (1x10'7/
2.5x10"7 ¢m). The wafer was cut along the a-plane (1120-plane) to eliminate micropipes, from which a
substrate measuring 8 mm X 8 mm with a thickness of 1.5 mm was obtained. The photoconductive device
consists of the substrate, electrodes, and an optical coupling structure. A face-to-face electrode configuration is
employed on both sides of the substrate, consisting of an annular multilayer metal electrode (Ti/Ni/Au with
respective thicknesses of 30 nm, 80 nm, and 100 nm, patterned by photolithography) and a circular transparent
electrode. The outer diameters of the metal and transparent electrodes are 3.5 mm and 2 mm, respectively. The
bilayer electrode structure is annealed at 900 °C for 2 minutes to ensure a reliable ohmic contact. The transparent
electrode is composed of aluminum-doped zinc oxide (Al:ZnO, AZO), with a thickness of 150 nm, selected
based on thin-film interference considerations to enhance the transmittance of normally incident laser light. The
bottom AZO layer is heavily doped to reduce the space-charge region at the AZO/SiC junction, thereby lowering
the conduction resistance [S27]. In the axial illumination configuration, the two electrodes are directly aligned,
yielding an effective illuminated area of 9.62 mm? and an interstage capacitance of approximately 1.8 pF. To
optimize optical efficiency, the incident laser beam is collimated to minimize divergence loss, and a single-
reflection scheme incorporating a terminal mirror is used to improve optical energy utilization. After
encapsulation, the overall dimensions of the photoconductive semiconductor device (PCSD) are approximately

2 X2 x3cmd.



4.2. PCSD Testing Setup

The test circuit used for dark DC breakdown measurements consists of a SiC substrate with a pair of opposing
electrodes, with a substrate thickness of 0.5 mm. A 1:5 closed-loop magnetic voltage transformer (XF) is employed,
and the high-voltage power supply is charged through a ceramic energy-storage capacitor (C1, 50 kV, 2 nF). The
voltage across the device under test is monitored using a high-voltage probe.

The circuit used for evaluating the power capacity of the PCSD includes six 40 kV, 1 nF ceramic capacitors
connected in parallel, six 50 Q resistors, and a current-viewing resistor (CVR). During the photoconductive switch
test, the ceramic capacitor bank charges the high-voltage supply. Upon laser triggering, the capacitor discharges
through the device, which is modeled as a variable resistor. The CVR serves as a low-value, high-bandwidth resistor
(2 GHz; T&M SSDN-10, New Mexico, USA). The output signal is recorded using a 4 GHz bandwidth oscilloscope
(LeCroy WR9404M, New York, USA). A 1064 nm Nd:YAG laser with a 7 ns pulse width and a 2 mm beam diameter

is used for excitation.
4.3. Array Synthesis Testing Setup

Time interval error (TIE) is used to quantify time jitter, with its standard deviation computed from 1x10* data points.
Approximately 50 peak amplitudes are recorded to evaluate amplitude fluctuations. The pulsed laser is collimated,
expanded, and split into five paths; four illuminate the photoconductive devices, and one is used for real-time intensity
monitoring. The PCSD is connected to the high-voltage supply at the input and to a suspended plate antenna at the
output through an L29 connector. Far-field measurements are performed at 1.37 m at 1.3 GHz. The transmitting and
receiving antenna gains are 15.5 dB and 7.15 dB, respectively. After 40 dB and 20 dB attenuation, the signal is
delivered to the oscilloscope via a 20 m SMA cable, resulting in a total link attenuation of ~83.01 dB. Array synthesis

efficiency is obtained from the average far-field amplitude over more than 50 repeated measurements.

Data availability:
The source data generated in this study have been deposited in the Figshare database under accession code
https://doi.org/10.6084/m9.figshare.30963374.

Code availability: All codes used in this study are available from the corresponding authors upon request.
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Figure Legends:

Fig.1 Illustration of the system principle and performance comparison. (2) Mechanism of generation for pure
electronic microwave sources, including vacuum electronic devices (VEDs) and high electron mobility transistors
(HEMTs). (b) Comparison of microwave source technology approaches. (c) Optoelectronic microwave source
technology and its generation mechanism. (d) Comparison of output power and frequency tuning range between
optoelectronic microwave sources and solid-state power amplifier microwave sources in the 0-2.5 GHz frequency
band. (e) Comparison of the performance metrics of this study with existing optoelectronic devices. (f) Application
domains and development directions of HPM sources. Icons used in this figure are sourced from Lucide and Feather
under their respective open-source licenses.

Fig.2 System concept and architecture. (a) Conceptual schematic of the system. (b) Overall system
architecture. LD: laser diode, Pre-AMP: pre-amplifier, EOM: electro-optic modulator, AOM: acousto-optic
modulator.

Fig.3 Trade-off in material design between response speed and output amplitude. (a)The deep acceptor-
shallow donor compensation mechanism and the electrical characteristics of SiC. E,: acceptor energy level, E.:
conduction band energy level. (b) The impact of total response time on output voltage at different frequencies.
(c) Comparison of response times between junction-type and photoconductive devices with a same conduction
area: 4.5 mm?. (d) Testing and fitting result of differential optical density (AOD) of Sample 1 and Sample 2. (e)
Normalized output waveform and voltage—frequency characteristics under varying response times. (f) Output

peak voltage across the 1-4 GHz band for different electron capture cross-sections. (g) Effect of increasing the



N/V doping concentration from 0.8x10" /2x10" cm™ to 1.2x10" /3x10" cmon output power under different
load resistances.

Fig.4 Breakdown voltage and current-handling capability of the device. (a) Detail of the vertical-type device
structure. (b) The electric field and current density distribution on the surface. (c) Dark-state breakdown
waveform of the device and schematic of electrode edge damage. (d) Optical coupling structure. (¢) Relationship
between Al-doped ZnO (AZO) surface transmittance and film thickness, with an optical absorption coefficient
(k) of 0.05. (f) Temporal evolution of total optical absorption as a function of incident intensity. (g) Variation of
the device's output current amplitude with bias voltage and incident light energy. (h) Power capacity test results
of the device under a bias voltage of 30 kV and a single-pulse light energy of 35 mJ. (i) Comparison of the
maximum peak current and power capacity in the photoconductive device field.

Fig.5 The output of the OEMS. (a) Output waveforms at modulation frequencies of 0.5-1.5 GHz. (b)
Frequency—power characteristic. (¢) Frequency spectra of the output signal.

Fig.6 Array application of the OEMS. (a) Optical signal waveform within the measurement window. (b) Time
interval error (TIE) sequence of the optical signal. (c) Modified phase-noise power spectrum L(f). (d) Far-field
measurement setup and physical diagram of the link. Icons used in this figure are sourced from Lucide and Feather
under their respective open-source licenses. (e) Statistical values of the far-field amplitude for single-path and array

radiation. (f) Radiation pattern of the array.



Editorial Summary

The authors showcase a fast-response silicon-carbide optoelectronic microwave source that delivers
picosecond carrier-lifetime control and supports power handling up to 55 MW. It offers continuously tunable P-
L-band pulses with >1 MW peak output over 0.25-1.3 GHz.
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