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Abstract:
Significance ~ Wireless channel characteristics are key determinants of communication system performance and
reliability. Channel twin technology—defined as the physical or digital reproduction of channel distortion
effects—has become essential for system testing and validation. Digital twin approaches are favored for their
flexibility and efficiency, and hardware-based platforms (i.e., channel emulators, CEs) are widely used for large-
scale performance evaluation. However, as networks advance toward Terahertz (THz) bands, extremely large-
scale massive Multiple-Input Multiple-Output (XL-MIMO) systems (e.g., 1024-antenna arrays), and integrated
air-space-ground-sea communications, three key limitations remain: (1) Inability to support real-time processing
for ultra-wide bandwidths over 10 GHz; (2) Inadequate dynamic emulation accuracy for non-stationary
channels under high mobility; and (3) Insufficient hardware resources for simulating over 10° concurrent
channels in XL-MIMO architectures. This study reviews state-of-the-art hardware twin technologies, identifies
critical technical bottlenecks, and outlines future directions for next-generation channel emulation platforms.
Progress  Existing channel hardware twin technologies can be categorized into three paradigms based on
channel data sources, model types, and implementation architectures. First, measured data-driven twin

technology uses real-world propagation data to enable high-fidelity emulation. Signal replay reproduces specific
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electromagnetic environments by replaying recorded signals. Although this approach preserves scene-specific
authenticity, it lacks flexibility due to dependence on measured datasets and storage constraints. Channel
Impulse Response (CIR) replay extracts propagation characteristics from measurement data, making it
applicable to unmodeled environments such as underwater acoustics. However, its accuracy depends on precise
channel estimation and is limited by data sampling resolution and storage capacity. Second, deterministic
model-driven twin technology generates CIR using Finite Impulse Response (FIR) filters by synthesizing
multipath delays and fading coefficients for predefined scenarios. Techniques such as sparse filtering and
subspace projection optimize the trade-off between accuracy and hardware efficiency. For example, current
large-scale emulators support 256 x256 MIMO systems with 512-tap FIR filters, requiring only four active taps.
Nonetheless, limited clock resolution introduces phase distortion in the frequency response, reducing fidelity in
high-frequency terahertz applications. Third, statistical model-driven twin technology emulates time-varying
channel behavior by generating fading and delay profiles based on probability distributions. The sum-of-
sinusoids method is widely employed due to its simplicity and low computational demand, while enhanced
implementations—such as the coordinate rotating digital computer algorithm—minimize storage requirements
for sinusoid generation. This paradigm offers strong scalability but sacrifices scenario-specific fidelity, limiting
its ability to reproduce certain channel characteristics accurately. A comparative analysis across fidelity,
flexibility, scalability, and implementation complexity shows that measured data-driven methods are best suited
for reproducing real-world environments; deterministic models support configurable scenario design for known
settings; and statistical models facilitate efficient emulation of large-scale networks. Each approach balances
distinct advantages against inherent limitations.

Prospects Future developments in channel hardware twin technologies are expected to integrate emerging
innovations to overcome current limitations: (1) Deep learning techniques—such as generative adversarial
networks—can learn from limited measured channel data to synthesize channel characteristics, reducing
dependence on extensive datasets in measured data-driven approaches. (2) The environment-aware capabilities
of next-generation communication networks enable dynamic reconstruction of propagation environments,
addressing the lack of real-time adaptability in deterministic model-driven technologies. (3) Transfer learning
enables the migration of knowledge across propagation scenarios, improving the cross-scenario generalization of
statistical model-driven emulation without requiring large amounts of measured data. Future applications of
channel hardware twin technologies are expected to advance in three primary directions: (1) real-time
optimization of communication systems; (2) network planning and design; and (3) testing and evaluation of
electromagnetic devices. Through the integration of deep learning and environmental sensing, hardware twin
platforms will support intelligent, self-adaptive communication systems capable of meeting the increasing
complexity of future network demands.

Conclusions This review synthesizes recent progress in channel hardware twin technologies and addresses
critical challenges posed by future communication scenarios characterized by ultra-wide bandwidths, high
channel dynamics, and large-scale networking. Key issues include high-frequency wideband signal processing,
emulation of non-stationary dynamic environments, and scalability to large multi-branch network architectures.
A classification framework is proposed, categorizing existing hardware twin approaches into three
paradigms—measured data-driven, deterministic model-driven, and statistical model-driven—based on data
sources, modeling strategies, and implementation architectures. A comparative analysis of these paradigms
evaluates their relative strengths and limitations in terms of authenticity, flexibility, scalability, and emulation
duration, providing guidance for selecting appropriate emulation strategies in complex environments.
Furthermore, this study explores the integration of emerging technologies such as generative networks,
environmental sensing, and transfer learning to support data-efficient generation, dynamic scenario adaptation,
and cross-scene generalization. These advancements are expected to enhance the efficiency and adaptability of
channel hardware twins, enabling them to meet the stringent requirements of future communication systems in
performance validation, network design, and device testing. This work offers a foundation for advancing
innovation in channel hardware twin technologies and accelerating the development of next-generation wireless
networks.

Key words: Wireless channel; Digital twin; Channel hardware twin; Channel characteristics; Communication

performance testing
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