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Fig. 1 Schematic diagram of microwave photonic AOA measurement system based on a wavelength-selective modulation chip
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simulated and theoretical phase differences
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Abstract

Objective Angle of arrival (AOA) is a critical physical parameter characterizing the propagation direction of wireless signals, and it
has important application value in detection, communication, electronic countermeasures, and other fields. As the electromagnetic
environment becomes increasingly complex, conventional electrical AOA measurement methods suffer from inherent electronic
bottlenecks, which result in limited operating frequency, insufficient bandwidth, and weak anti-interference capability. Microwave
photonic technology, leveraging its advantages of large bandwidth, low loss, and strong immunity to electromagnetic interference,
offers a new approach for high-precision AOA measurement. Among existing microwave photonic AOA solutions, the power-phase
mapping mechanism stands out in terms of system complexity, real-time performance, and measurement accuracy. However, most of
these schemes are still based on discrete optoelectronic devices, which suffer from large footprint, high power consumption, and
limited stability, making them unsuitable for application scenarios such as robotics and unmanned aerial vehicles that demand high
integration and reliability. In recent years, the development of integrated photonic platforms such as lithium niobate on insulator
(LNOI) has provided a viable pathway toward on-chip microwave photonic AOA measurement. Therefore, this paper designs and
fabricates a wavelength-selective modulation chip based on the LNOI platform to achieve high-precision AOA detection, providing
key technical support for the development of miniaturized, low-power, and high-precision microwave photonic AOA measurement

systems.

Methods

wavelength-selective modulation chip. The system comprised a light source module, an on-chip modulation module, and a

This paper proposed and experimentally validated a microwave photonic AOA measurement scheme based on a

photoelectric conversion module. The on-chip modulator was developed on the LNOI platform and adopted a Mach-Zehnder
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interferometer-like structure, with cascaded micro-ring resonators (MRRs) and phase modulators (PMs) integrated into two parallel
waveguide branches. The MRRs enabled wavelength selection, while the PMs achieved independent modulation of the separated
optical carriers. The light source section employed an external modulation scheme consisting of a laser and a Mach-Zehnder
modulator. By adopting carrier-suppressed double-sideband modulation, dual-wavelength coherent light was generated, with its
frequency interval matching the resonance peak spacing of the MRRs. The radio-frequency echo signals received by two antennas were
respectively loaded onto the PMs in the two arms. The two modulated optical signals were coherently combined on chip and then fed
into a photodetector for beat-frequency detection, outputting a low-frequency electrical signal. By measuring the power of this low-
frequency signal and utilizing the established power-phase mapping, the phase difference between the two received signals could be
extracted; thereafter, the AOA value was calculated according to the antenna baseline spacing and the signal wavelength. Leveraging
the 3 dB bandwidth of the MRRs, the system flexibly adjusted the dual-wavelength optical source interval to achieve down-converted
detection of echo signals at 20 GHz, 25 GHz, and 30 GHz, respectively. Additionally, simulation analysis was conducted to
investigate the impact of power imbalance between channels on angle measurement accuracy. Furthermore, numerical simulations
were conducted to investigate the power imbalance between parallel channels, and its influence on angle measurement accuracy was

quantitatively evaluated.

Results and Discussions This paper innovatively proposed a wavelength-selective modulation chip architecture, in which cascaded
MRRs and PMs were integrated into the two parallel waveguide arms of a Mach-Zehnder interferometer-like structure. This design
consolidated the functions of wavelength selection and independent signal modulation onto a single LNOT chip, enabling on-chip
optical signal separation, independent modulation, and coherent combination. By mapping the phase information of echo signals to the
power of demodulated signals and optimizing the frequency matching between the dual-wavelength light source and echo signals, this
architecture successfully achieved photonic down-conversion detection of high-frequency echo signals. In the AOA measurement
experiments, the system successfully down-converted 20 GHz, 25 GHz, and 30 GHz echo signals to 5 GHz low-frequency
components for detection, which significantly reduced the burden of back-end data processing. By adjusting the phase shifter to
simulate phase differences from — 180° to 180", the measured power-phase mapping curve was highly consistent with the theoretical
cosine-like even function model. Within the phase-difference measurement range of 10°~170°, the phase measurement errors at all
three frequency points were below +2.23°, verifying the excellent mapping consistency of the architecture over a wide bandwidth.
When the antenna spacing was set to half the wavelength, the phase difference range of 0° to 180° corresponded to an AOA range of 0°
to 90°, with an effective measurement range of 0° to 70.8" and a corresponding AOA measurement error of less than +2.31°. Error
analysis indicated that the accuracy of phase measurement was dependent on power sensitivity; when the phase difference approached
180°, the sensitivity of power to phase approached zero, resulting in increased phase retrieval error. Furthermore, simulation results
regarding power imbalance between the two echo signals showed that an increased power difference reduced the interference contrast,

indicating that channel power calibration was required in practical applications.

Conclusions This paper designed and validated a wavelength-selective modulation chip based on the LNOI platform, successfully
demonstrating an on-chip integrated solution for microwave photonic AOA measurement. The system adopted a Mach-Zehnder
interferometer-like structure, achieving the separation and independent modulation of dual-wavelength optical carriers through
cascaded MRRs and PMs, and accurately mapping the phase difference information to the power distribution of the down-converted
signals. Experimental results show that within the frequency band of 2030 GHz, the phase difference measurement error of the
system is better than +2.23" in the range of 10°~170°, and the AOA measurement error is less than +2.31° in the range of 0°~70.8"
under half-wavelength antenna spacing. This paper also analyzed the effect of power imbalance of echo signals between channels on
measurement accuracy as well as the broadband adaptability of the system. This work provides an effective technical pathway for the

development of miniaturized , low-power microwave photonic AOA measurement systems.

Key words microwave photonics; angle-of-arrival measurement; integrated photonics; lithium niobate on insulator; micro ring

resonator
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