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Abstract

Against the background of the rapid iteration of new-generation mobile communication technologies, millimeter-wave
communication has become one of the core technologies of 5G-Advanced and 6G networks due to its advantages such as abundant
spectrum resources and high transmission rate. However, millimeter-wave signals suffer from significant propagation loss and
weak anti-blocking capability during spatial transmission. Beamforming technology must be adopted to enhance the directional
transmission capability of signals and thus improve the quality of communication links. This paper focuses on beamforming schemes
in millimeter-wave communication systems. It elaborates the basic working mechanism of the technology and its adaptation to the
millimeter-wave channel environment, analyzes the implementation and operational characteristics of three types of beamforming
architectures: analog, digital, and hybrid. A multi-dimensional performance evaluation framework is established to compare different
schemes, and the influence of hardware non-ideal factors on the overall system performance is investigated. The results show that
hybrid beamforming achieves the best trade-off among transmission performance, hardware cost, and power consumption, making
it suitable for practical deployment in millimeter-wave networks. Beamforming methods based on intelligent learning strategies
can effectively improve communication stability in time-varying channels and high-speed mobility scenarios. The achievements
of this paper can provide theoretical support and practical references for the engineering design, scheme selection, and algorithm
improvement of millimeter-wave communication systems.
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