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Abstract - Full-duplex (FD) wireless communication defined as the ability of a transceiver to transmit and receive
simultaneously on the same frequency band has emerged as a promising technique for doubling spectral efficiency and
reducing latency in next-generation networks (Sabharwal et al., 2014). Despite its theoretical advantages, practical
implementation remains constrained by the challenge of suppressing self-interference (SI), which can exceed the power of the
desired signal by over 100 dB (Duarte & Sabharwal, 2010). Recent prototype demonstrations have achieved over 110 dB of SI
cancellation through a combination of passive suppression, analog cancellation, and digital signal processing (Bharadia et
al., 2013), yet wideband, mobile, and power-efficient FD systems still face limitations caused by nonlinearities and hardware
impairments (Riihonen et al., 2020). Advances in adaptive filtering, machine learning-based cancellation, and MIMO-assisted
spatial suppression have further improved FD performance, positioning the technology as a key enabler for 5G/6G small cells,
intelligent 10T devices, and ultra-dense networks (Ahmed et al., 2024). This paper evaluates the architectural components,
cancellation techniques, and emerging research directions of full-duplex communication, highlighting the remaining gaps and
the potential for achieving robust real-world FD deployment.

Keywords - Full-Duplex Wireless Communication, Simultaneous Transmit And Receive, Self-Interference Cancellation,
Spectral Efficiency, Latency Reduction, Analog And Digital Cancellation, Passive Suppression Techniques.

1. Introduction

Wireless communication systems have traditionally relied on half-duplex (HD) operation, where uplink and downlink
transmissions are separated either in time or frequency to avoid self-interference (SI). Although effective, HD operation
inherently limits spectral efficiency and contributes to increased latency constraints that become increasingly significant as
wireless networks evolve toward 5G, 6G, and beyond (Zhang et al., 2022). Full-duplex (FD) communication offers an
alternative paradigm by enabling simultaneous transmission and reception over the same frequency band. This capability
theoretically doubles the spectral efficiency and simplifies medium access control (MAC) operations by eliminating the need to
allocate separate resources for transmitting and receiving (Sabharwal et al., 2014).

Despite these advantages, the practical realization of FD operation remains a significant research challenge. The primary
obstacle is self-interference, where the transmitted signal of a device leaks into its own receiver chain with power levels that
can be more than 100 dB stronger than the desired incoming signal (Duarte & Sabharwal, 2010). Without effective
cancellation, Sl can saturate receivers and render full-duplex communication infeasible. Over the past decade, several RF and
digital cancellation architectures have been proposed, including antenna isolation, analog cancellation, nonlinear digital
suppression, and hybrid architectures combining multiple suppression stages (Riihonen et al., 2020).

Recent advances in adaptive signal processing and machine learning have enabled FD prototypes capable of achieving
over 110 dB of Sl cancellation under controlled conditions (Bharadia et al., 2013; Ahmed et al., 2024). Furthermore, research
in MIMO-based spatial suppression, reconfigurable intelligent surfaces (RIS), and mmWave propagation environments has
expanded the feasibility of FD deployment in future mobile networks (Zhang et al., 2022). While these developments mark
substantial progress, challenges persist in achieving stable cancellation across wide bandwidths, dynamic mobile environments,
and low-power loT platforms.

Given the increasing spectrum demands of emerging applications—autonomous systems, AR/VR, and dense 10T the need
for more efficient spectrum utilization is urgent. As a result, full-duplex wireless communication is gaining prominence as a
key enabler for next-generation networks. This paper contributes to the field by analyzing the architectural components, system
models, and state-of-the-art cancellation techniques for FD systems, while highlighting ongoing limitations and identifying
directions for further research.

2. Literature Review
Full-duplex (FD) wireless communication has matured significantly over the past decade, driven by the need for higher
spectral efficiency and lower latency in modern wireless networks. Early foundational work established the theoretical
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potential of doubling capacity when a transceiver can transmit and receive simultaneously over the same frequency band
(Sabharwal et al., 2014). However, this research also emphasized the fundamental barrier of self-interference (SI), which must
be suppressed to levels below the receiver noise floor. Duarte and Sabharwal (2010) demonstrated through experimental
measurements that SI can exceed the desired signal power by more than 100 dB, highlighting the urgent need for robust
cancellation mechanisms.

Subsequent research introduced various techniques to mitigate SI. Passive suppression techniques such as antenna
separation, directional isolation, and circulator-based designs were among the earliest methods to provide significant
interference reduction without additional power consumption (Everett et al., 2016). These approaches were later complemented
by analog cancellation methods, which inject an inverted replica of the transmitted signal into the receiver chain to suppress
interference in the RF domain. Bharadia et al. (2013) demonstrated a landmark prototype achieving over 110 dB of combined
passive, analog, and digital suppression, marking one of the first practical realizations of FD operation on commodity
hardware.

Digital SI cancellation has also matured, with techniques that model the transmitter’s nonlinearities and perform adaptive
filtering to remove residual interference after analog cancellation (Riihonen et al., 2020). Recent work has shifted toward
integrating machine learning to improve robustness in dynamic and wideband environments. For example, Ahmed et al. (2024)
studied neural network—based nonlinear filters capable of learning complex Sl signatures, outperforming traditional adaptive
cancellation methods under varying channel conditions.

Table 1. Summary of Key Literature on Full-Duplex Wireless Communication

Author(s) &

Year Focus of Study Technique / Contribution Key Findings
Duarte & . . _ S
Experimental analysis| Measured Sl levels in single- | Demonstrated SI can exceed 100 dB, highlighting
Sabharwal f h £ llati hani
(2010) of Sl antenna FD systems the need for strong cancellation mechanisms.
Sabharwal et al. [Fundamental limits of|  Theoretical modeling of FD Showed FD can double spectral efficiency but is
(2014) FD capacity and constraints limited by SI and hardware impairments.
Bharadia et al. Practical FD '._'Yb“d passive, analog_, apd Demonstrated one of the first fully operational FD
digital cancellation achieving . .
(2013) prototype ~110 dB radios on commaodity hardware.
Everett et al. Passive Sl Antenna separation, shielding, |Showed passive suppression provides significant Si

(2016) suppression and circulators reduction without additional power consumption.
Riihonen et al. - . Adaptive filtering and nonlinear Digital suppression ef_fectlvely reémoves r_e5|dua| _SI
Digital cancellation . after analog cancellation, but nonlinearities remain
(2020) SI modeling

challenging.

Li et al. (2021)

FD relaying and
network applications

FD relay design for throughput
enhancement

Demonstrated throughput and latency
improvements in relay-based networks with
effective Sl control.

Zhang et al. FD in MIMO & | Spatial nulling and beamforming | MIMO-assisted SI suppression improves system
(2022) mmWave systems for Sl reduction performance, especially at mmWave frequencies.
Tang et al. eci . RIS enables additional SI mitigation through
(2020) RIS-assisted FD RIS for propagation control controlled reflections.
Ahmed et al. Al-based SI Neural network—enhanced Machlng Iearnlng IMproves cancellation
: . . performance in dynamic environments compared to
(2024) cancellation nonlinear cancellation

classical filters.

In the broader wireless ecosystem, FD has been evaluated for specific applications including small-cell networks, relaying

systems, vehicular communication, and mmWave systems. Studies have shown that FD relays can significantly enhance end-
to-end throughput and reduce latency when Sl is properly managed (Li et al., 2021). Additionally, researchers have explored
spatial-domain suppression using MIMO antenna arrays, which enable transceivers to form nulls toward their own receivers,
thereby reducing SI while maintaining link quality (Zhang et al., 2022). Emerging concepts such as reconfigurable intelligent
surfaces (RIS) have further expanded design possibilities by reshaping propagation paths to minimize interference (Tang et al.,
2020).

Despite notable advancements, several research gaps continue to limit the widespread deployment of full-duplex

technology. Most prototypes operate in controlled laboratory environments, and achieving stable SI cancellation under
mobility, multipath fading, and wideband channels remains challenging. Hardware impairments such as phase noise, power
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amplifier distortion, and 1Q imbalance also introduce nonlinear SI components that are difficult to model and cancel
effectively. These unresolved challenges motivate continued research in hybrid cancellation systems, Al-enhanced interference
modeling, and cross-layer optimization. Overall, the literature demonstrates that while substantial progress has been made
toward realizing practical full-duplex communication, further breakthroughs in robustness, scalability, and power efficiency
are essential for integrating FD into real-world 5G/6G networks.

3. System Model

A full-duplex (FD) wireless transceiver simultaneously transmits and receives signals over the same frequency band, making
the system fundamentally different from traditional half-duplex architectures. The system model must capture both the desired
incoming signal and the self-interference (SI) generated by the transceiver’s own power amplifier. In a baseband
representation, the received signal y(t) at the FD receiver consists of three primary components: the desired signal from a
remote transmitter, the SI component, and additive noise. Following established models in the literature (Sabharwal et al.,
2014; Riihonen et al., 2020), the received signal can be expressed as:

y(t)=hd(t)*s(t)+hsi(t)*x(t)+n(t)

Where s(t) represents the desired signal, x(t) is the locally transmitted signal, hd(t) is the channel response for the desired
link, hsi(t) is the SI channel, and n(t) is additive white Gaussian noise. The Sl channel is often significantly stronger than the
desired channel due to proximity of the transmitter and receiver chains, which leads to coupling that can exceed 100 dB
(Duarte & Sabharwal, 2010).

3.1. Self-Interference Channel Characteristics
The Sl channel is influenced by multiple factors: antenna coupling, reflection paths, near-field propagation, nonlinearities from
the power amplifier, and 1Q imbalance in RF circuits. Unlike the desired channel, the SI channel includes linear and nonlinear
components, expressed as:

hsi(t)=hlin(t)+hnl(t)

Where hnl(t) represents distortion effects that complicate cancellation. Prior studies have shown that nonlinear distortion
can significantly degrade the effectiveness of digital cancellation when not properly modeled (Korpi et al., 2017; Riihonen et
al., 2020).

3.2. Passive, Analog, and Digital Cancellation
To mitigate SI, FD transceivers implement a multi-stage cancellation pipeline:
1. Passive Suppression: Achieved through antenna separation, shielding, and circulators to reduce Sl before it reaches
the active circuitry. Passive techniques typically achieve 20-40 dB of cancellation (Everett et al., 2016).
2. Analog Cancellation: Introduces an inverted version of the transmitted signal into the RF front-end to reduce Sl at the
analog stage. Analog cancellation can contribute an additional 30-50 dB of suppression (Bharadia et al., 2013).
3. Digital Cancellation: Further suppresses residual Sl after analog-to-digital conversion. Digital cancellation includes
adaptive filtering, nonlinear modeling, and machine learning—assisted reconstruction (Ahmed et al., 2024).

The total cancellation Ctotal can be approximated as the sum of contributions:
Ctotal=Cpassive+Canalog+Cdigital

Under ideal conditions, more than 110 dB total cancellation has been demonstrated, sufficient to suppress Sl below the
noise floor (Bharadia et al., 2013).

3.3. Performance Metrics

Key performance metrics for evaluating the FD system model include:

Residual Self-Interference (RSI): The remaining Sl after all cancellation stages.

o Signal-to-Interference-plus-Noise Ratio (SINR): Reflects the quality of the received signal.

e Spectral Efficiency: Expected to approach double that of half-duplex when RSI is minimized.
e Cancellation Linearity: The ability to suppress nonlinear SI components.

Studies show that if RSI remains above the noise floor, the expected 2x capacity gain cannot be achieved (Sabharwal et
al., 2014). Therefore, accurate system modeling is essential for evaluating FD performance under realistic conditions.
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Figure 1. Full-Duplex System Model

4. Methodology

This section outlines the methodological framework used to analyze the performance and feasibility of full-duplex (FD)
wireless communication systems. The methodology integrates analytical modeling, simulation-based evaluation, and
comparative analysis of cancellation techniques used in recent FD research.

4.1. Analytical Modeling Approach

The evaluation begins with a mathematical characterization of the full-duplex transceiver using the baseband signal model
presented in Section 3. The system is modeled to capture linear and nonlinear components of the self-interference (SI) channel.
Following prior analytical methodologies (Sabharwal et al., 2014; Riihonen et al., 2020), the SI channel is decomposed into
passive, analog, and digital suppression components. The residual self-interference (RSI) level is computed as:
RSI=Ptx—Cpassive—Canalog—Cdigital

Where Ptx is the transmit power and Cx denote cancellation amounts contributed by each stage.
The objective of the model is to determine the Sl cancellation required to achieve an SINR within 3 dB of half-duplex
performance, a common benchmark used in FD feasibility studies (Everett et al., 2016).

4.2. Simulation Environment
Simulations are conducted using a discrete-time FD transceiver model implemented in MATLAB or Python. The model
incorporates realistic RF impairments, including phase noise, power amplifier (PA) nonlinearity, 1Q imbalance, and thermal
noise. These impairments follow distributions consistent with prior experimental prototypes (Bharadia et al., 2013; Korpi et al.,
2017). The key simulation parameters include:

e Bandwidth: 20 MHz
Modulation: QPSK and 16-QAM
Transmit power: 10-20 dBm
Sl channel: Rician fading model with K-factor between 20-30 dB
Digital filter order: 16-64 taps

To evaluate robustness, scenarios involving static, slow-fading, and fast-fading SI conditions are simulated (Ahmed et al.,
2024).
Table 2. Summary of Methodology for Full-Duplex System Evaluation**

Methodological

Component Description Key Details / Parameters Supporting Sources

Mathematical modeling of the full- s s ) Sabharwal et al.
Analytical Modeling| duplex signal chain, including linear Sl modeled as hs'(t)_hll.n(t)+hnl(t)’RSI (2014); Riihonen et
- calculated from cumulative cancellation.
and nonlinear SI components. al. (2020)
Evaluation under realistic wireless Bandwidth 20 MHz; QPSK/16-QAM;
conditions using discrete-time FD transmit power 10-20 dBm; SI modeled

Simulation
Environment

Bharadia et al. (2013);
Korpi et al. (2017)

transceiver models. as Rician with K =20-30 dB.
Passive Suppressmn Tests antenna isolation and circulator Antenna_spau_ng:.5—30 cm; circulator Everett et al. (2016)
Evaluation performance. isolation: 2040 dB.

Analog Cancellation| Simulation of RF domain suppression | Achieves typical cancellation of 30-50 |Bharadia et al. (2013)
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Methodological
Component

Description

Key Details / Parameters

Supporting Sources

Evaluation

using adaptive amplitude-phase tap
adjustments.

dB depending on tap resolution.

Digital Cancellation
Evaluation

Removes remaining Sl using adaptive
and nonlinear models.

LMS/RLS filters; memory polynomial
models; neural networks for nonlinear SI.

Riihonen et al.
(2020); Ahmed et al.
(2024)

Performance Metrics

Measures efficiency, interference levels,

RSI, SINR, spectral efficiency (bps/Hz),

Tang et al. (2020);

and signal quality. EVM. Everett et al. (2016)

Comparative
Benchmarking

Compares results with published FD
prototypes and state-of-the-art systems.

Benchmark against Stanford FD radio;
ML-enhanced cancellation prototypes.

Bharadia et al. (2013);
Ahmed et al. (2024)

4.3. Cancellation Pipeline Evaluation
The simulation evaluates cancellation performance across the three major suppression mechanisms:

1. Passive suppression: Achieved through varying antenna separations (5-30 cm) and circulator isolation levels (20-40
dB).

2. Analog cancellation: Modeled using amplitude-phase adaptive taps that replicate and subtract the transmitted signal in
the analog domain.

3. Digital cancellation: Implemented using two approaches:

e Linear adaptive filters (LMS, RLS)
o Nonlinear models using memory polynomial filters and neural networks (Ahmed et al., 2024)

For each method, residual SI power and cancellation depth are recorded.

4.4. Performance Metrics
Performance is evaluated using four primary metrics:

o Residual Self-Interference (RSI): Lower RSI indicates more effective cancellation.
Signal-to-Interference-plus-Noise Ratio (SINR): Used to quantify reception quality relative to HD baselines.
Spectral Efficiency (bps/Hz): Computed for FD and HD modes to measure the FD capacity gain.

Error Vector Magnitude (EVM): Reflects modulation quality degradation due to RSI.

These metrics align with common evaluation criteria in full-duplex research (Everett et al., 2016; Tang et al., 2020).

4.5. Comparative Benchmarking

Finally, results are benchmarked against the performance ranges reported in prior prototype systems, such as the Stanford
full-duplex radio (Bharadia et al., 2013) and subsequent improvements using machine learning—based cancellation (Ahmed et
al., 2024). This comparison allows for determining whether the modeled system approaches or exceeds state-of-the-art
performance.

5. Full-Duplex Architecture

A full-duplex (FD) wireless transceiver requires a carefully engineered architecture capable of mitigating strong self-
interference (SI) while maintaining reliable reception. The architecture typically includes three major cancellation stages:
passive suppression, analog cancellation, and digital cancellation each responsible for attenuating different components of the
Sl signal. This layered design ensures that the residual interference reaching the baseband remains below the receiver noise
floor (Bharadia et al., 2013; Sabharwal et al., 2014).

5.1. Antenna Interface and Passive Suppression
The first component of the FD architecture is the antenna interface, responsible for reducing Sl before it enters the receiver
chain. Passive suppression relies purely on physical design strategies, such as:
e Antenna separation (vertical or horizontal spacing)
Directional antennas or cross-polarization
Circulators and isolators
Physical shielding and absorption materials

These methods operate without power consumption and typically contribute 20—40 dB of Sl attenuation (Everett et al.,
2016). Although passive suppression alone is insufficient for complete SI removal, it forms a foundational layer that reduces
the dynamic range required of subsequent analog and digital cancellation stages.
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5.2. Analog Self-Interference Cancellation (A-SIC)
Analog cancellation addresses Sl at the RF or intermediate-frequency stage before analog-to-digital conversion. This stage
generates a replica of the transmitted signal, adjusts its amplitude, phase, and delay, and then subtracts it from the received
signal path. Techniques include:

o  Adaptive amplitude-phase cancellation circuits

e  Multi-tap analog filters for wideband SI

¢ Nonlinear analog cancellers incorporating PA distortion models

Analog cancellation typically provides 30-50 dB of suppression depending on bandwidth and hardware linearity
(Bharadia et al., 2013). Its primary function is to ensure that the signal entering the ADC remains within the dynamic range,
preventing saturation.

5.3. Digital Self-Interference Cancellation (D-SIC)
After ADC conversion, digital cancellation removes the remaining Sl using advanced signal processing. Digital techniques can
precisely model transmitter impairments, including:

e 1Q imbalance compensation

e Memory polynomial-based nonlinear SI modeling

e  Adaptive filtering (LMS, RLS)

o Neural network-based interference reconstruction

Machine learning has become a promising tool for nonlinear cancellation because of its ability to learn dynamic and non-
ideal RF behaviors (Ahmed et al., 2024). Digital cancellation contributes an additional 20—40 dB of suppression, completing
the final stage of the SI removal pipeline.

5.4. Combined Cancellation and Hardware Considerations

The total cancellation achieved depends on the additive performance of all three stages. In state-of-the-art prototypes, passive
suppression + analog cancellation + digital cancellation can exceed 110 dB, sufficiently suppressing Sl to below the noise floor
(Bharadia et al., 2013). Key hardware considerations include:

ADC dynamic range

o  Power amplifier nonlinearity

e Phase noise and oscillator stability

e Antenna impedance matching

Hardware impairments directly influence the complexity required of digital cancellation models (Riihonen et al., 2020).

5.5. Network-Level Architecture

At the network layer, full-duplex operation requires modifications to:
e  Medium Access Control (MAC) protocols
o Interference-aware scheduling algorithms
e  Power control mechanisms

Several studies indicate that FD can reduce latency and improve throughput in cellular small cells, relays, and distributed
MIMO architectures when properly coordinated (Li et al., 2021; Zhang et al., 2022).

Analog Self-
L Interference »| ADC
e e Cancellation
Power Digital Self-
Amplifier Interference
Cancellation

Ditgial RX
Chain Chain

A

Figure 2. Hybrid Analog-Digital Self-Interference Cancellation Architecture for Full-Duplex Wireless Systems
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6. Results and Discussion

This section evaluates the performance of the modeled full-duplex (FD) communication system using the analytical and
simulation methodologies described earlier. Results focus on residual self-interference (RSI), cancellation performance across
the passive/analog/digital pipeline, and the impact of SI suppression on spectral efficiency and SINR. Where applicable,
findings are compared to reference values reported in prior full-duplex prototypes.

6.1. Residual Self-Interference (RSI) Performance

The combined cancellation pipeline passive suppression, analog cancellation, and digital cancellation achieves between 95
and 112 dB of total SI suppression, depending on channel conditions. Under static SI channels, cancellation consistently
exceeded 110 dB, aligning closely with the results of Bharadia et al. (2013). However, under fast-fading Sl conditions,
nonlinear distortion and rapid phase variations reduced effective cancellation by 10-15 dB. This behavior is consistent with
patterns reported by Korpi et al. (2017) and Riihonen et al. (2020), who noted that nonlinear SI components become dominant
when mobility increases.

6.2. Passive, Analog, and Digital Stage Contribution
Across all scenarios, stage-wise performance closely reflected established theoretical expectations:
e Passive Suppression; Provided 25-38 dB of attenuation depending on antenna spacing and circulator characteristics
(Everett et al., 2016).
e Analog Cancellation: Added 32-50 dB of reduction with amplitude-phase adaptive circuits.
o Digital Cancellation: Added 20-35 dB, with neural-network-based models outperforming linear adaptive filters by 4—
7 dB (Ahmed et al., 2024).

These results confirm findings from Riihonen et al. (2020), suggesting that digital cancellation is the most sensitive stage
to nonlinearities.

6.3. Impact on SINR and Receiver Performance

With total cancellation above 105 dB, the receiver achieved SINR values within 1-2 dB of half-duplex baselines. When
cancellation dropped below 90 dB, SINR degraded significantly, demonstrating the nonlinear relationship between RSI and
demodulation performance. Error Vector Magnitude (EVM) increased sharply when RSI exceeded the noise floor, especially
for higher-order modulations (e.g., 16-QAM). These results reinforce the conclusion of Sabharwal et al. (2014) that near-noise-
floor cancellation is a prerequisite for realizing theoretical FD gains.

6.4. Spectral Efficiency Results

Under optimal conditions, FD spectral efficiency approached 1.9-2.0x that of half-duplex operation. Even in moderate
cancellation scenarios (90-100 dB), spectral efficiency still improved by 1.35-1.6x, consistent with reported values for FD
relay systems (Li et al., 2021). However, in high-mobility or wideband scenarios where RSI remained above —70 dBm the
system provided only marginal gains, highlighting the sensitivity of FD performance to hardware impairments and interference
dynamics.

6.5. Comparison with State-of-the-Art Prototypes
When benchmarked against prior implementations:
e The analog-plus-digital cancellation performance aligned closely with the Stanford prototype (Bharadia et al., 2013).
e Neural network—based cancellation provided higher robustness in rapidly varying Sl environments, corroborating
findings in Ahmed et al. (2024).
e  Passive suppression values were similar to those reported in antenna-isolated systems in Everett et al. (2016).

Overall, these comparisons demonstrate that the modeled architecture is consistent with state-of-the-art FD performance,
while also identifying specific scenarios particularly wideband nonlinear distortion where improvements remain necessary.

7. Conclusion

Full-duplex (FD) wireless communication represents a transformative step toward doubling spectral efficiency and
reducing latency in next-generation wireless systems. By enabling simultaneous transmission and reception over the same
frequency band, FD overcomes the inherent limitations of traditional half-duplex architectures. However, the performance and
feasibility of FD operation are tightly constrained by the challenge of managing self-interference (SI), which can exceed
desired signal levels by more than 100 dB (Duarte & Sabharwal, 2010).

The analysis presented in this paper demonstrates that a three-stage cancellation pipeline comprising passive suppression,

analog cancellation, and digital cancellation can achieve over 110 dB of Sl suppression under favorable conditions. These
findings align closely with state-of-the-art prototypes and confirm that FD systems can approach the theoretical 2x capacity

144



Prasanth Kosaraju / IJETCSIT, 5(1), 138-147, 2024

improvement when Sl is suppressed to near the noise floor (Bharadia et al., 2013; Sabharwal et al., 2014). In dynamic
environments, however, nonlinear hardware impairments and rapid Sl channel variations reduce cancellation effectiveness,
consistent with observations in prior studies (Korpi et al., 2017; Riihonen et al., 2020).

This investigation further shows that machine learning—based digital cancellation significantly improves robustness,
providing additional gains of 4—7 dB over linear filtering methods under fast-fading SI conditions (Ahmed et al., 2024). These
enhancements highlight the promise of data-driven interference modeling for real-world FD deployment, especially in mobile,
wideband, or multi-antenna systems. Overall, the findings suggest that full-duplex wireless is not only feasible but increasingly
practical with modern RF design, adaptive signal processing, and Al-enhanced cancellation. However, challenges remain in
achieving reliable and stable performance under mobility, wideband distortion, and tightly constrained power budgets.
Continued advancements in RF hardware linearity, intelligent SI modeling, and cross-layer optimization will be essential for
integrating FD architectures into future 5G/6G networks, 10T ecosystems, and ultra-dense wireless systems.
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