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Abstract. This paper investigates the innovative advancements in Fractional Frequency Reuse (FFR)
strategies for 5G networks. As the proliferation of wireless devices and the escalating demand for
high-speed data services necessitate relentless network optimization, FFR emerges as a pivotal
technology to enhance spectral efficiency and mitigate inter-cell interference. Drawing from seminal
studies, this paper examine diverse FFR approaches, integrating Integer Frequency Reuse (IFR)
and dynamic FFR tailored for 5G heterogeneous networks. The integration of FFR with simultaneous
water-filling (SWF) and transmit interference temperature limit (tx-ITL) underscores the potential of
dynamic frequency allocation (DFA) in scarce spectrum optimization. The review highlights the key
contributions and practical implications of FFR research, providing a comprehensive understanding
of state-of-the-art techniques for network capacity enhancement, spectral efficiency, and
interference mitigation in modern cellular networks. In conclusion, this paper review demonstrates
that as 5G and beyond networks proliferate, FFR strategies remain critical for ensuring reliable, high-
speed connectivity worldwide.
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1. Introduction

In recent years, the exponential growth of wireless devices and the insatiable demand for high-
speed data services have necessitated the relentless innovation and optimization of network
architectures in the telecommunications industry. As 5G networks evolve, addressing spectral scarcity
and mitigating inter-cell interference have become paramount challenges. Fractional Frequency
Reuse (FFR), an advanced spectrum allocation strategy, has emerged as a pivotal technology for
enhancing spectral efficiency and network capacity. This paper delves into the latest research
advancements in FFR, focusing on its innovative applications in modern wireless networks.

Drawing insights from seminal studies conducted by researchers such as Guogian Sun, Xiaodi
Zhou, Sultan Alotaibi, and Priti Deb, they examine the diverse approaches to FFR that have been
proposed to address the challenges faced by cellular networks. These studies showcase the versatility
and effectiveness of FFR in enhancing network performance by demonstrating improved spectral
efficiency and reduced inter-cell interference. Additionally, novel algorithms and optimization
techniques, such as SWF and tx-1TL, highlight the potential of DFA in optimizing scarce spectrum
resources.

This paper aims to synthesize the key innovations and findings presented in these recent studies,
highlighting their theoretical and practical contributions to the field. This review aims to provide a
comprehensive understanding of state-of-the-art FFR approaches for enhancing network performance
in modern cellular networks. In conclusion, as 5G and beyond networks continue to proliferate, the
insights gained from this review will be invaluable for ensuring reliable, high-speed connectivity for
billions of devices worldwide.

2. Research on fractional frequency reuse in Modern Wireless Networks

In recent years, the proliferation of wireless devices and the escalating demand for high-speed data
services have compelled the telecommunications industry to continually innovate and improve
network architectures [1]. Fractional Frequency Reuse (FFR) has emerged as a pivotal technology for
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enhancing spectral efficiency and mitigating inter-cell interference in cellular networks. This paper
delves into the latest research advancements in FFR, drawing insights from four seminal studies that
have contributed significantly to this field [2-4].

Wireless networks have evolved rapidly over the past few decades, transitioning from first-
generation analog systems to the highly advanced fifth-generation (5G) networks. The ever-
increasing demand for data has necessitated the adoption of innovative technologies that can
efficiently manage scarce radio spectrum resources. FFR is one such technology that has gained
prominence due to its ability to reuse frequencies intelligently while reducing interference [1]. This
paper synthesizes the innovative aspects of FFR research presented in four recent papers, highlighting
their contributions and implications for the future of wireless networks.

FFR is a spectrum allocation strategy designed to optimize the use of limited radio resources in
cellular networks. It divides each cell into distinct regions, typically a cell-center and a cell-edge, and
allocates different frequency bands to these regions [1]. This approach aims to reduce interference
between neighboring cells by assigning orthogonal frequencies to adjacent cell edges while allowing
frequency reuse within cell centers, thereby improving overall network capacity and spectral
efficiency.

Guogian Sun et al. propose a comprehensive study examining the combination of Integer
Frequency Reuse (IFR) and FFR methods in a cellular network. Their research highlights the
limitations of IFR, which treats all users equally regardless of their location, leading to significant
interference at cell edges. To mitigate this issue, the authors integrate FFR, which assigns different
frequencies to cell-center and cell-edge users, reducing interference and enhancing capacity.

Key Findings: The study compares the performance of various FFR+IFR models with reuse factors
of 1, 3, and 4. The results indicate that the FFR+IFR3 model offers the most significant gains in
network capacity and spectral efficiency. This model effectively balances the need for frequency
reuse and interference reduction, demonstrating a 25% improvement in average network capacity
compared to the FFR+IFR1 model [1]. Xiaodi Zhou et al. introduce a dynamic FFR mechanism
tailored for 5G heterogeneous networks (HetNets) [2]. Their approach focuses on optimizing the
frequency allocation in a 19-cell system, combining IFR3 with FFR to minimize inter-cell
interference. The team optimizes the FFR method by incorporating precise distance measurements
between cells, ensuring more accurate interference modeling. Innovation: By dynamically adjusting
the frequency allocation based on the varying number of users and their locations, the proposed
method achieves better interference mitigation and capacity enhancement. The simulation results
reveal that the dynamic FFR strategy outperforms static FFR+IFR configurations, particularly in
scenarios with high Signal-to-Noise Ratio (SNR) values. This approach leads to a 30% increase in
network capacity under high SNR conditions [2].

Sultan Alotaibi presents a dynamic FFR scheme specifically designed to boost the capacity of
small cells and femtocells deployed within macrocell coverage areas. The author acknowledges that
the dense deployment of small cells can lead to interference issues, necessitating intelligent resource
allocation strategies (Fig. 1) [3].
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Fig. 1 The cell average throughput [3]
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Key Contribution: The proposed dynamic FFR mechanism allocates radio resources to small cells
based on a predetermined cost function, prioritizing those regions with a higher density of small cells.
This approach ensures efficient utilization of scarce radio resources and mitigates co-tier interference.
Simulation results show that the dynamic FFR scheme enhances the throughput of small cells by up
to 40% compared to traditional fixed FFR approaches [3].

Priti Deb et al. introduce a novel micro-femtocell network architecture leveraging a master-slave
algorithm for frequency allocation [4]. This approach divides femtocells into master and slave nodes,
with the former communicating directly with the microcell base station and the latter with their
respective master femtocells. Innovative Aspects: The frequency allocation is based on FFR, and the
master femtocells act as relays, improving signal strength and reducing power consumption.
Simulation and experimental results demonstrate that the proposed network reduces power
consumption by 44%-80% compared to conventional HetNets. Additionally, the SINR and spectral
efficiency are significantly improved, with increases of up to 75% and 76%, respectively [4].

The studies reviewed in this paper underscore the versatility and effectiveness of FFR in modern
wireless networks. The integration of IFR and FFR, as proposed by Sun et al., offers a practical
solution for optimizing frequency reuse while minimizing interference [1]. The dynamic FFR
mechanisms presented by Zhou et al. and Alotaibi demonstrate the potential for adaptive resource
allocation strategies that can significantly enhance network performance, particularly in dense HetNet
environments [2,3]. Finally, the master-slave algorithm introduced by Deb et al. provides a novel
architectural approach for micro-femtocell networks, reducing power consumption while improving
key performance metrics such as SINR and spectral efficiency [4].

Fractional Frequency Reuse continues to evolve as a cornerstone technology for modern wireless
networks. The research showcases the innovative approaches being explored to enhance network
capacity, spectral efficiency, and interference mitigation through the strategic allocation of radio
resources. As 5G and beyond networks continue to proliferate, the application of FFR and its
derivatives will remain critical for ensuring reliable, high-speed connectivity for billions of devices
worldwide.

3. Dynamic Frequency Allocation in Wireless Networks

In the rapidly evolving field of wireless communication, dynamic frequency allocation (DFA) has
emerged as a critical technique to optimize network performance and ensure efficient utilization of
scarce spectrum resources. Recent studies have explored various DFA strategies, including fractional
frequency reuse (FFR), simultaneous water-filling (SWF), transmit interference temperature limit (tx-
ITL), and forward-looking game (FLG), each contributing unigue insights into improving network
capacity, stability, and coverage. This paper summarizes the key innovations from four recent studies
on DFA, highlighting their theoretical and practical contributions.

Dynamic frequency allocation plays a pivotal role in addressing the challenges of interference
mitigation, capacity enhancement, and resource optimization in modern cellular networks. With the
advent of 5G and the anticipation of 6G, DFA techniques have gained even greater importance due
to their ability to adapt to dynamic network conditions and varying user demands. This research
delves into the innovations presented in four seminal papers, each offering novel approaches to DFA.

The first study, conducted by Hangiao Chen et al., investigates the combination of simultaneous
water-filling allocation with fractional frequency reuse in a 19-cell network [5]. The key innovation
lies in demonstrating that FFR, when combined with SWF, significantly enhances channel capacity
and reduces inter-cell interference. By partitioning each cell into central and edge regions with
different reuse factors, FFR enables a more flexible and efficient use of frequency resources. The
results demonstrate how Simultaneous Water-Filling works and how the reuse factor plays a role in
preventing disturbances among multiple base stations (Fig. 2) [5].
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Fig. 2 Comparison of FFR+SWF and FFR+IFR3 in difference SNR (user=15) [5]

Furthermore, the study reveals that the optimal reuse factor varies depending on the signal-to-noise
ratio (SNR) and user density, emphasizing the need for dynamic adjustment in real-world deployment
scenarios. The second paper, by Yiging Hu et al., focuses on an intelligent frequency allocation
algorithm that combines FFR with SWF power allocation [6]. This work introduces the concept of
interference temperature limit and forward-looking game algorithms to further optimize network
performance. The innovation here lies in the development of a self-optimizing mechanism that
dynamically adjusts transmit power based on real-time network conditions. A brand-new intelligent
frequency allocation algorithm based on Fractional Frequency Reuse (FFR) and Water-Filling power
allocation is proposed (Fig. 3) [6].

FffR + SWF + IFRN Power allocation

=8 FFR+SWF+IFR1
==~ FFR+SWF+IFR3
FFR+SWF+IFR7

00 W D

400

w
o
o

Average capacity (bps/Hz)
N N
o (4]
o o

-
(%))
(=}

100

0 5 10 15 20
Average SNR in dB

Fig. 3 The comparison of three allocations using FFR and SWF with the reuse factor is 1, 3, and 7
respectively [6].

By simulating various SNR and user density scenarios, the authors demonstrate that their proposed
algorithm outperforms traditional IFR and SWF-only approaches, particularly in terms of network
capacity and stability. The third study, by Chenwei Wu et al., builds upon the findings of previous
works by analyzing the performance of different frequency reuse factors (N=1, 3, 7) in conjunction
with SWF [7]. The innovation lies in its comprehensive comparison of reuse factors and their impact
on network capacity and interference levels. The simulation results show that the reuse factor of 3
gives the worst case while 1 and 7 perform better, and the system with SWF largely outperforms that
without SWF [7].

This finding underscores the importance of carefully selecting the reuse factor based on network
characteristics and user demands. Additionally, the study demonstrates the effectiveness of SWF in
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improving frequency utilization and reducing interference. The final paper, by Yifan Wang, takes a
comprehensive approach by comparing five different algorithms—IFR3, SWF, tx-ITL with a fixed
S, self-optimizing tx-ITL, and FLG—with and without FFR [8]. The key innovation here is the
demonstration of FFR's ability to enhance the performance of all tested algorithms. By comparing the
same method with or without FFR, it could be concluded that FFR can reduce the interference
between users and increase the channel capacity (Fig. 4) [8]. The study reveals that FLG combined
with FFR achieves the highest channel capacity and stability, making it the most promising DFA
technique for future cellular networks.
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Fig. 4 Five methods with FFR [8]

Collectively, these studies highlight the importance of dynamic frequency allocation in addressing
the challenges of modern cellular networks. The innovations presented span from the development of
novel algorithms like FFR and SWF to the introduction of advanced optimization techniques like tx-
ITL and FLG. Each technique contributes unique strengths, with FFR playing a central role in
enhancing network performance across different scenarios.

The findings from these studies have significant implications for the design and deployment of 5G
and future 6G networks. By dynamically adjusting frequency allocation based on real-time network
conditions, DFA techniques can ensure efficient utilization of spectrum resources, mitigate inter-cell
interference, and enhance overall network capacity and stability. In conclusion, the innovations
presented in these four studies offer valuable insights into the development of efficient DFA strategies
for modern cellular networks. Future research should continue to explore the integration of these
techniques, leveraging their complementary strengths to achieve even greater performance gains in
dynamic and complex network environments.

4. Conclusion

In the context of rapidly evolving wireless technologies, the studies reviewed in this paper
underscore the versatility and effectiveness of Fractional Frequency Reuse (FFR) and dynamic
frequency allocation (DFA) strategies in modern wireless networks. The integration of FFR with
techniques such as simultaneous water-filling, transmit interference temperature limit, and forward-
looking game has significantly enhanced network performance in terms of capacity, spectral
efficiency, and interference mitigation. Dynamic FFR mechanisms, as shown by the reviewed studies,
reveal the potential for adaptive resource allocation strategies to significantly enhance network
performance, particularly in dense heterogeneous network environments. By dynamically adjusting
frequency allocation based on real-time network conditions and user demands, DFA technigues can
ensure efficient utilization of scarce spectrum resources and mitigate inter-cell interference.

312



Highlights in Science, Engineering and Technology CSIC 2024
Volume 124 (2025)

Moreover, the master-slave algorithm and other novel network architectures introduced in recent
studies have provided valuable insights. These innovations have shown potential in reducing power
consumption and improving key performance metrics such as Signal-to-Interference-plus-Noise
Ratio (SINR) and spectral efficiency, which are crucial for network optimization. As 5G and beyond
networks continue to evolve, FFR and DFA techniques are expected to play a crucial role in
addressing challenges such as network densification and the integration of new technologies like
Internet of Things (IoT) and edge computing. In conclusion, the research presented in this paper
highlights the significant contributions and potential of FFR and DFA strategies for enhancing
modern wireless networks. Future research should continue to explore the integration of these
techniques, leveraging their complementary strengths to achieve even greater performance gains in
dynamic and complex network environments.
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