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Abstract: As the limitations of 5G in spectrum scarcity and massive data transmission
capability become evident, the vision of 6G technology emerges, aiming for global coverage,
abundant spectrum resources, ultra-high-speed data transmission, minimal latency, and high
reliability. Terahertz (THz) communication technology, with its rich spectrum resources, is
seen as a key to achieving 6G objectives. This paper explores the application and challenges
of THz communication in 5G and future networks, analyzes its basic theory, key technologies,
channel characteristics, and modeling, and discusses its prospects and challenges in 6G and
beyond. The paper provides an overview of THz communication, including its position in the
electromagnetic spectrum, bandwidth potential, and advantages of short wavelengths. It
discusses THz-related technologies, particularly the roles of THz electronics, photonics, and
plasmonics in device development, and their contributions to 6G advancements. Future
research directions are outlined, including optimizing transmission windows, applying Al in
wireless communication, and the potential of 6G as a new generation of intelligent digital
infrastructure. While THz communication shows great potential in 6G networks, it faces
technical and economic challenges. This paper provides a solid theoretical foundation for
understanding THz technology, but future work requires deeper exploration in experimental
validation, technical detail research, and cost-benefit analysis.
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1. Introduction

In the era of rapid development of mobile communication technology, the demand for wireless
communication services continues to grow, and the expectations for data transmission rates, network
capacity, and service quality are also increasing. Although the fifth generation of mobile
communication technology (5G) has achieved significant improvements in aspects such as speed,
latency, and connection density, it still faces challenges in the limited availability of spectrum
resources and the capability for large-scale data transmission in the face of future networks
development trends and user demands[1].

In this context, the concept of the sixth generation of mobile communication technology (6G) has
emerged, and its commercialization is expected around 2030. The vision of 6G is to build a more
extensive and in-depth world of wireless connections, serving not only human society but also
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expanding to intelligent agents, machines, and objects, achieving “intelligent connection of all things”.
6G aims to achieve global seamless coverage, provide virtually unlimited spectrum resources, support
ultra-high-speed data transmission, extremely low latency, and high reliability[2]. In order to achieve
these ambitious goals, 6G needs to explore and utilize new spectrum resources, among which the
terahertz (THz) band, due to its abundant spectrum resources, has become one of the key technologies.
This study aims to discuss how terahertz communication technology, as a key component of 6G
technology, can overcome the limitations of 5G and achieve the ambitious goals of 6G. This paper
will conduct an in-depth analysis from the basic theories, key technologies, channel characteristics,
and modeling of terahertz communication technology, and discuss its application prospects in 6G and
future networks, as well as the challenges it faces.

2. Overview of Terahertz communication technology

Terahertz (THz) lies between microwaves and infrared light, and it has a bandwidth wider than that
of the existing 5G. Theoretically, it is capable of achieving data transmission rates up to the Tbps
level[3]. Additionally, the short-wavelength characteristics of THz waves contribute to higher
spectral efficiency and system capacity, enabling smaller antenna sizes and denser antenna array
layouts[4]. Furthermore, the advantages of THz waves, such as strong penetration and good physical
properties for anti-interference, provide potential for widespread application in the field of wireless
communication. Figure 1 illustrates the frequency and wavelength spectrum of the electromagnetic
spectrum.
Electronics Photonics

Radio | Microwave . Infrared Visible Ultraviolet | X-Ray , Gamma-Ray
f v mmWav Terahertz + ‘ L L 1

Wavelength 10°m 1m 10 mm 1mm  0.1mm 700 nm 390nm 10 nm 0.01 nm

NAVAVAVAU

Radiation Type W

Frequency 3 Hz 300 MHz 30GHz 300GHz 3THz 430THz 730THz 30 PHz 30 EHz

Figure 1: The Position of Terahertz Waves in the Wireless Spectrum([5].

Terahertz communication technology is an emerging wireless communication method that utilizes
terahertz waves (typically referring to the frequency range from 0.1 THz to 10 THz) between
microwaves and infrared light for information transmission. This technology leverages the
electromagnetic properties of terahertz waves, which have shorter wavelengths and higher
frequencies, allowing them to carry more information within a limited space, thus offering a clear
advantage over traditional 5G technology in terms of spectrum resources[6]. Moreover, in various
fields such as broadband wireless access[7], security surveillance[8], global environmental
monitoring[9], industrial automation[10], and medical imaging[11], terahertz communication
technology has shown significant potential for application. However, its wide application in 6G and
future networks will require overcoming challenges in multiple aspects, including technology, cost,
and standardization. Future research needs to address device performance and system design
challenges while achieving breakthroughs in the fields of electronic, photonic, and plasmonic wave
devices to realize its broad application in high-speed wireless communication.
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3.  Terahertz communication-related technologies
3.1. Electronics, optics, and plasmonics in Terahertz

Terahertz electronics, as the core of the development of terahertz communication technology,
involves two major technological directions: vacuum electronic devices and solid-state electronic
devices[12]. Vacuum electronic devices, such as cyclotrons and magnetrons, have garnered
significant attention due to their potential in high-frequency applications. Innovations in these devices
primarily focus on enhancing operating frequencies, efficiency, and reducing size and cost. For
instance, by improving the design of electron guns and optimizing cavity structures, the performance
of these devices can be significantly improved[13]; solid-state electronic devices, including high-
electron-mobility transistors (HEMTs)[14] and THz CMOS, play a pivotal role in signal amplification,
oscillation, and mixing at terahertz frequencies[ 15]. With the advancement of integration technology,
it has become possible to miniaturize and produce these devices at low cost while improving
performance and reliability.

Two other key areas of terahertz communication devices are terahertz photonics and plasmonic
wave devices. Terahertz photonics is becoming a key force in driving the development of 6G
communication technology. This technology combined the unique characteristics of photonics and
terahertz waves to achieve high-speed data transmission at high frequencies, e.g., 103.125 Gbps at
the 370 GHz frequency band[16]. Advances in fiber-terahertz-fiber seamless communication
technology have not only improved the efficiency and reliability of data transmission but also
provided support for system flexibility and scalability. Furthermore, the overall performance and
spectral efficiency of communication systems have been further improved by optimizing algorithms
to enhance the performance of fiber amplifiers and utilizing neural network technology to optimize
modulation and demodulation processes[17]. The integration of these technologies heralds the
realization of unprecedented high-speed, high-capacity, and low-latency communication capabilities
in 6G communication. Terahertz plasmonic wave devices, such as graphene-based metasurfaces and
MIMO antennas[ 18], are propelling the development of 6G communication technology, offering
high-speed data transmission and intelligent beam control, and providing innovative solutions for the
high-frequency, low-power, and wide-bandwidth requirements of 6G communication.

The development of terahertz (THz) devices plays a crucial role in advancing 6G wireless
communication technology. however, the field still faces a series of innovations and challenges.
Currently, innovations in THz devices are primarily focused on enhancing the frequency, output
power, and efficiency of the devices, as well as achieving wider operating bandwidths and higher
levels of integration[19]. Additionally, issues such as propagation loss, atmospheric attenuation, and
diffraction limitations in the terahertz band urgently need to be addressed[20]. To overcome these
challenges, researchers are exploring advanced technologies such as intelligent reconfigurable
reflective arrays and multiple-input multiple-output (MIMO) antenna arrays, as well as developing
new channel measurement and modeling methods, with the aim of achieving more efficient and
reliable terahertz communication systems.

3.2. System design and implementation
3.2.1.MIMO technology

In the field of terahertz communication, multiple-input multiple-output (MIMO) technology is one of
the key technologies for enhancing spectral efficiency and signal transmission reliability. According
to research, a large-scale antenna array can be deployed in a compact device by utilizing the extremely
short wavelength of the terahertz band[20]. This compact antenna array layout not only helps to
improve the system's spectral efficiency but also significantly increases system capacity through
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spatial multiplexing techniques. In addition, it was pointed out that MIMO systems in the terahertz
band can achieve precise control over signal propagation paths by adjusting the configuration of the
antenna arrays to optimize communication quality[21].

In system design, researchers have explored MIMO technology based on the terahertz band to
achieve efficient spatial multiplexing and beamforming[22]. It was mentioned that the combination
of intelligent reconfigurable intelligent surface (RIS) technology with MIMO technology can further
enhance signal transmission effects. RIS technology can dynamically adjust the reflection and
refraction of signals, thereby achieving precise control over signal beams without incurring additional
hardware costs.

3.2.2.RIS technology

Intelligent Reconfigurable Intelligent Surface (RIS) technology is another key technology in terahertz
communication systems. RIS can dynamically adjust the propagation path of wireless signals by
altering the reflection phase of its elements to optimize the signal coverage and enhance the signal
strength[12]. The application of this technology enables high-quality terahertz communication even
in complex indoor environments.

In terms of system implementation, a terahertz communication system design based on RIS was
proposed, which achieves dynamic adjustment of signal beams by precisely controlling the phase
response of RIS elements[23]. This design not only improves signal transmission efficiency but also
enhances the system’s anti-interference capabilities. Furthermore, research explores the application
prospects of RIS technology in terahertz communication, noting that RIS technology is expected to
play a significant role in future 6G communication networks[24].

MIMO technology and RIS technology play a crucial role in the design of terahertz communication
systems. By combining these two technologies, researchers can design more efficient and reliable
terahertz communication systems to meet the future wireless communication demands for high data
rates and high connectivity density. Implementing these technologies requires not only innovation in
existing hardware devices but also the development of new channel measurement and modeling
methods to accommodate the unique propagation characteristics of the terahertz band.

3.3. Channel characteristics and modeling

Channel characterization and modeling for terahertz communication is fundamental to achieving
efficient and reliable communication systems. Atmospheric conditions, including temperature,
humidity, and air pressure, as well as environmental factors such as rain, snow, fog, and sand, can all
affect the propagation of terahertz signals. For instance, additional attenuation introduced by rain and
signal scintillation caused by atmospheric turbulence can affect the phase and amplitude stability of
signals[25]. Therefore, in-depth study of channel models is crucial for predicting and adapting to
these effects.

Terahertz communication channel modeling typically employs deterministic and statistical
modeling methods. Deterministic modeling is based on the physical principles of electromagnetic
wave propagation, aims to describe the physical processes and parameters of the channel in detail,
and seeks to accurately predict channel characteristics. However, it is not suitable for real-time
systems due to high computational complexity[26]. In contrast, statistical modeling focuses on the
statistical distribution of channel characteristics, describes the channel's stochastic properties with
simplified mathematical models, and is widely applied in system performance analysis and design.
However, it may not be able to capture all details of the channel and thus has certain limitations[27].
In conclusion, different channel modeling approaches can be selected for different application
scenarios.
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Hybrid modeling techniques combine the advantages of both deterministic and statistical modeling
and can achieve a balance between accuracy and computational efficiency[28]. Specifically,
deterministic modeling can be used to describe the main propagation paths, while statistical modeling
can describe the randomness of multi-path effects and environmental factors. Additionally, hybrid
modeling techniques can be integrated with machine learning and artificial intelligence technologies
to optimize parameters based on existing training data, thus enhancing the model's adaptability and
predictive accuracy, which is especially suitable for applications with higher accuracy requirements
and higher implementation efficiency[29]. Based on the above analysis, the channel modeling for
satellite-terrestrial terahertz communication needs to consider many factors.

In summary, an in-depth analysis of the characteristics of terahertz communication channels and
the application of appropriate modeling methods are indispensable. This plays a key role in
understanding and predicting the performance of communication systems in complex atmospheric
environments, and also provides a solid theoretical basis and technical support for the development
and application of terahertz communication technology.

4. Future research directions of Terahertz communication technology

As a new generation of intelligent comprehensive digital information infrastructure, 6G technology
has become a focal point of competition among major countries around the world. Nations are actively
advancing the research of 6G key technologies through the release of national strategies, deployment
of significant projects, and international cooperation[30]. Although a consensus has basically been
reached on the vision and typical application scenarios of 6G, the specific directions of key
technologies have not yet been defined. Currently, 6G research is at an important stage of concept
formation and key technology reservation.

As a primary frequency band for future communications, there are numerous future research
directions and technologies worth exploring beyond existing methods to better harness the terahertz
band for communications. Terahertz communication forms specific transmission windows due to its
transmission losses at different distances and frequency bands, which possess varying bandwidth
characteristics[31]. Given the richness of terahertz frequency resources, optimizing the selection and
full utilization of different frequency bands, transmission distances, and transmission windows to
meet diverse communication demands becomes a key issue for future research in the field of terahertz
communication.

Furthermore, with the rapid development of artificial intelligence technologies, especially machine
learning and neural networks, their application in wireless communication has become an area of
great interest. Machine learning methods have proven to be very effective in solving high-
dimensional and non-convex problems in hybrid precoding algorithms, offering solutions with lower
complexity[32]. By incorporating machine learning, future communication systems will become
more intelligent, being capable of adaptively managing and optimizing resources to meet the growing
communication demands and providing more personalized services.

5. Conclusion

This paper has delved into the potential applications and challenges of terahertz communication
technology in 5G and future 6G networks. The abundant spectral resources of the terahertz band offer
the possibility of achieving ultra-high-speed data transmission, extremely low latency, and high
reliability, making terahertz communication technology a strong candidate for key technologies in
6G networks. However, challenges in technology, cost, and standardization still need to be overcome.
This paper has reviewed the fundamental theories, key technologies, channel characteristics, and
modeling of terahertz communication technology and discussed its application prospects in 6G and
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future networks. Although this paper provides a comprehensive analysis, the lack of experimental
validation limits the testing of theoretical models and assumptions. Furthermore, there is insufficient
discussion on the specific implementation details and cost-benefit analysis of terahertz
communication technology. Future research should incorporate experimental validation to test and
optimize theoretical models, in-depth studies on device design and system integration, and cost-
benefit analysis to explore the commercial potential and market applications of terahertz
communication technology.

In summary, terahertz communication technology demonstrates significant potential for
application in 6G networks but also confronts dual challenges in technological implementation and
cost-effectiveness. The analysis in this paper provides a solid theoretical foundation for understanding
terahertz communication technology, but future work requires more in-depth exploration in
experimental validation, research on technical details, and cost-benefit analysis. The supplementary
studies facilitate a more comprehensive understanding of terahertz communication technology,
thereby establishing a robust foundation for its deployment in 6G and future networks.
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