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ABSTRACT: Terahertz (THz) communication, spanning roughly 0.1 to 10 THz, is poised to unlock ultra-high data 

rates in next-generation systems. However, its deployment is constrained by unique channel characteristics and 

stringent hardware limitations. This paper presents an integrated review of THz channel modeling techniques and 

hardware obstacles, drawing on research published prior to 2022. 

 

Channel modeling approaches at THz frequencies include frequency-domain measurements using vector network 

analyzers (VNAs), time-domain techniques such as sliding correlation and THz time-domain spectroscopy (THz-TDS) 

arXivACM Digital Library. These methods support three modeling paradigms—deterministic, stochastic, and hybrid—

that capture path loss, molecular absorption, scattering, and spatio-temporal nonstationarity arXivTechRxiv. Recent 

models also incorporate geometry-based stochastic frameworks suitable for ultramassive MIMO and dynamic 

environments arXiv. Additionally, high-resolution indoor models for mmWave and sub-THz (up to 150 GHz) 

environments offer useful statistical insights for wider THz design arXiv. 

 

On the hardware front, the THz "gap" presents a core challenge: conventional electronics struggle with these 

frequencies, and optical sources cannot easily scale down. This necessitates novel oscillators or multipliers with very 

low output power (<–10 dBm) graphyonline.com. High propagation and molecular absorption losses demand highly 

directional and compact antennas, such as horn or plasmonic nano-antennas made of graphene, which also bring 

fabrication and beam-steering complexities IET Research JournalWikipedia+1. Material-specific scattering 

mechanisms, especially at rough surfaces and high frequencies, further influence channel reliability and modeling 

accuracy arXiv. 

 

Despite these formidable challenges, advances in modeling pave the way for effective THz link design, while hardware 

innovation—such as graphene antennas—offers a path forward. This paper synthesizes these findings, identifies gaps, 

and outlines future directions toward bridging channel and device-level limitations. 

 

KEYWORDS: Terahertz (THz) communications, Channel modelling, Deterministic/stochastic models, THz-TDS, 

Geometry-based stochastic model (GBSM), Terahertz hardware constraints, Graphene antennas, Plasmonic nano-

antennas, Molecular absorption, THz "Gap" 

 

I. INTRODUCTION 

 

Terahertz (THz) frequencies, occupying the 0.1–10 THz band, offer exceptional promise for enabling ultra-high-speed, 

short-range wireless communication that meets future data demands. The expansive unregulated bandwidth in THz 

bands makes them attractive for beyond-5G and emerging 6G systems TechRxivWikipedia. 

 

However, THz propagation differs fundamentally from lower bands. High free-space path loss, strong molecular 

absorption (notably from water vapor), and minimal diffraction pose severe challenges—even in line-of-sight scenarios. 

As a result, reliable link budget design and accurate modeling are critical graphyonline.comWikipedia. 

 

Moreover, hardware constraints complicate implementation. Traditional RF oscillators falter at THz, and optical 

emitters are impractically high frequency. Generating THz signals often requires frequency multipliers or emerging 

technologies like graphene-based nano-antennas, yet these suffer from low output power and challenging fabrication 

processes graphyonline.comRedditWikipedia. 

 

This paper aims to survey the state-of-the-art in THz channel modeling and hardware design—within research 

published before 2022—highlighting key limitations and proposed solutions. We analyze measurement techniques, 
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modeling frameworks, and hardware constraints, offering a cohesive view for researchers and engineers aiming to 

bridge theoretical models with practical THz systems. 

 

II. LITERATURE REVIEW 

 

Channel Measurement & Modeling 

 THz channels have been extensively surveyed, with measurement methods including VNA-based frequency-domain 

analysis, sliding-correlation, and THz-TDS techniques arXivACM Digital Library. 

 Modeling approaches are categorized into deterministic (ray tracing), stochastic (statistical), and hybrid models, 

adapting to various application needs arXivTechRxiv. 

 Geometry-based stochastic models that capture 3D space-time-frequency non-stationarities are emerging for 

ultramassive MIMO THz systems arXiv. 

 Indoor statistical models for sub-THz (e.g. 140 GHz) frequencies derived from ray-tracing and measurements offer 

insights into cluster behavior and delay spreads arXiv. 

 

Scattering & Absorption Mechanisms 

 Surface roughness leads to directive scattering phenomena, modeled by DS and RCS mechanisms, critical at near-

THz frequencies (up to 1 THz) arXiv. 

 

Hardware Constraints 

 The THz gap presents a key hurdle: signal generation is constrained by device limitations, and amplifiers provide 

low output power (< –10 dBm) graphyonline.com. 

 Antenna solutions, including directional horn antennas and advanced nano-antenna arrays (e.g. graphene), help 

overcome path loss but introduce design complexity IET Research JournalWikipedia+1. 

 High-gain beamforming with massive MIMO antenna arrays is promising for spectral efficiency, but challenges of 

beam steering and device integration remain graphyonline.com. 

 

III. RESEARCH METHODOLOGY 

 

To synthesize current understanding of THz channel modeling and hardware limitations, we conduct a structured 

literature synthesis: 

1. Source Aggregation: Identify and aggregate peer-reviewed articles, reviews, arXiv surveys, and technical reports 

published before 2022, focusing on THz channel modeling and hardware constraints. 

2. Categorization: Classify sources into measurement techniques, modeling frameworks, scattering/absorption 

mechanisms, and hardware constraints. 

3. Model Comparison: Compare the features, strengths, and limitations of deterministic, stochastic, and hybrid 

models, including novel geometry-based stochastic frameworks arXiv. 

4. Hardware Summary: Summarize hardware limitations—signal generation, antennas, absorption effects—from 

engineering and materials perspectives. 

5. Cross-Analysis: Cross-analyze how channel modeling assumptions intersect with hardware capabilities, identifying 

mismatches and integration challenges. 

6. Synthesis of Gaps: Identify gaps in modeling or hardware that limit real-world THz link deployment in pre-2022 

research. 

 

This systematic approach provides a clear, cited foundation for understanding THz links' dual challenges. 

 

IV. ADVANTAGES 

 

 Ultra-wide Bandwidth: THz offers vast unused spectrum, enabling Tbps-level communication 

WikipediaCambridge University Press & Assessment. 

 High Spatial Resolution: Tiny antennas enable dense beamforming and high spatial reuse Cambridge University 

Press & Assessmentgraphyonline.com. 

 Advanced Channel Modeling: Emerging models (e.g., GBSM) accurately capture complex, nonstationary 

environments arXiv. 
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 Measurement Rigor: Comprehensive measurement techniques (THz-TDS, ray tracing) support model validation 

arXivTechRxiv. 

 

V. DISADVANTAGES 

 

 Severe Path Loss & Absorption: THz waves suffer high attenuation and atmospheric absorption, especially over 

distances Wikipediagraphyonline.com. 

 Hardware Limitations: Generating THz signals is difficult; low-power output remains a constraint 

graphyonline.com. 

 Directional Complexity: Narrow beams and precise alignment needed—complex beamforming hardware required 

IET Research Journalgraphyonline.com. 

 Modeling Challenges: Existing models struggle with NLOS, indoor clutter, and dynamic mobility scenarios. 

 Fabrication Difficulty: Nano-antenna manufacturing (e.g., graphene) and packaging are still nascent and costly. 

 

VI. RESULTS AND DISCUSSION 

 

Our synthesis reveals a well-established foundation in THz channel characterization through advanced measurement 

setups and emerging mathematical models. GBSM approaches allow tractable modeling in ultramassive MIMO and 

dynamic scenarios arXiv. Indoor statistical models provide useful insights for designing sub-THz frequency systems 

arXiv. 

 

However, hardware constraints remain a critical bottleneck—low transmitter power, high path loss, and complex 

beamforming dynamics greatly restrict practical deployment, particularly for long-distance or mobile links 

graphyonline.comReddit. 

 

The interplay between modeling and hardware is significant: deterministic models presuppose accurate beam patterns 

and antenna structures unavailable in current hardware. Stochastic models often fail to capture fast channel variability 

due to insufficient hardware capabilities. 

 

Bridging this gap necessitates co-design of channel models and hardware architectures, alongside practical 

measurement validation. Future strides in nano-antenna fabrication and signal generation may unlock feasible THz 

links. 

 

VII. CONCLUSION 

 

Channel modeling for THz links has matured substantially, with robust measurement methods and modeling 

frameworks that capture propagation complexities. Yet, hardware challenges—especially signal generation, beam 

steering, and antenna fabrication—remain critical roadblocks. 

 

Holistic progress requires integrated efforts linking accurate channel models with realistic hardware designs. Only 

through coordinated development can the vision of THz communications become achievable. 

 

VIII. FUTURE WORK 

 

 NLOS & Dynamic Models: Developing models for mobile and cluttered environments. 

 Hardware-Model Co-Design: Joint development of models and transceiver architectures. 

 Graphene Antenna Integration: Practical deployment and evaluation of nano-antenna arrays. 

 Channel Estimation Techniques: Low-overhead estimation for beam alignment at THz. 

 Hybrid Modeling Techniques: Combining deterministic and data-driven methods (e.g., symbolic regression) for 

interpretability MDPI. 
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