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 The increasing demand for high-speed, low-latency connectivity has driven 

the rapid deployment of fifth-generation (5G) networks. However, the 

enhanced performance of 5G systems comes at the cost of higher energy 

consumption, posing a significant challenge to sustainability goals. This study 

explores energy-efficient coordination strategies for macro and pico cells to 

optimize power usage while maintaining network performance. By employing 

a systematic mapping study (SMS) and a systematic literature review (SLR), 

we analyze current research trends, challenges, and emerging solutions in 

energy-efficient 5G network design. Key strategies, including AI-driven 

resource allocation, dynamic spectrum management, and interference 

mitigation techniques, are examined to assess their effectiveness in reducing 

energy consumption. The findings highlight the critical role of intelligent 

coordination mechanisms in achieving a balance between energy efficiency 

and service quality. This research contributes to the development of 

sustainable 5G architectures by identifying optimal methodologies for macro- 

and pico-cell integration, paving the way for greener and more adaptive next-

generation networks.  
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1. INTRODUCTION 

The fifth-generation (5G) mobile communication networks have introduced unprecedented 

advancements in connectivity, data throughput, and latency performance, enabling emerging applications such 

as autonomous vehicles [1]–[3], smart cities [4], [5], and the internet of things (IoT) [6], [7]. However, these 

enhanced capabilities are accompanied by a substantial rise in energy consumption [8]–[13], which poses a 

significant challenge to global sustainability goals. As nations commit to achieving net-zero emissions [14], 

The telecommunications sector faces increasing pressure to design energy-efficient network architectures that 

align with the United Nations Sustainable Development Goals (SDGs) [15]. One of the most promising yet 

complex avenues for improving energy efficiency lies in the coordination of macro and pico cells [16]. Macro 

cells ensure wide-area coverage, whereas pico cells provide additional capacity and serve high-density user 

environments. Despite their complementary roles, their coexistence introduces notable challenges, including 

interference management [17]–[19] traffic load balancing [20], [21] and optimal energy utilization [22]. 

Addressing these challenges through effective macro–pico cell coordination can significantly reduce the 

overall energy footprint of 5G networks. 

https://creativecommons.org/licenses/by-sa/4.0/
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Numerous studies have explored methods to enhance the energy efficiency of 5G networks, including 

massive multiple-input multiple-output (MIMO) systems [23]–[25], advanced beamforming techniques [26], 

[27], and intelligent scheduling algorithms [28]. For example, Kadhim et al. [29] demonstrated that massive 

MIMO can improve spectral efficiency while reducing per-bit energy consumption, whereas [30] showed that 

hybrid beamforming can achieve substantial power savings without compromising throughput. Other works, 

such as [31]. Applied deep learning for self-optimizing pico cells to dynamically manage power allocation. 

Despite these advances, comprehensive syntheses that specifically address the coordination between macro and 

pico cells remain limited. This gap is particularly critical because macro–pico coordination introduces unique 

trade-offs among coverage, capacity, and energy efficiency that are not fully addressed by solutions that target 

each cell type independently. To address this shortcoming, the present study adopts a dual-methodological 

approach a systematic mapping study (SMS) to map research trends and gaps, and a systematic literature review 

(SLR) to provide a detailed evaluation of proposed coordination mechanisms. Together, these methods enable a 

structured analysis of current advancements and help identify promising directions for future work. 

The main contributions of this work are threefold. First, it provides the most comprehensive synthesis 

to date of energy-efficient coordination strategies for macro and pico cells, integrating findings from both 

broad-mapping and in-depth literature-review perspectives. Second, it identifies key research gaps—

particularly in the integration of AI-driven optimization, dynamic spectrum management, and interference 

mitigation within macro–pico architectures—and proposes targeted recommendations to address them. Third, 

it outlines a conceptual framework that incorporates advanced strategies such as deep reinforcement learning 

and network slicing to enable adaptive, real-time coordination. These contributions bridge a critical gap in the 

existing body of knowledge and offer actionable insights for both academic researchers and network 

practitioners seeking to implement sustainable 5G infrastructures. 

The remainder of this paper is organized as follows. Section 2 details the research methodology, 

including the SMS and SLR processes, data selection criteria, and performance metrics. Section 3 provides a 

critical discussion of the results, addressing limitations and identifying avenues for future research. Finally, 

section 4 concludes the paper with a summary of contributions, key insights, and recommendations for both 

research and practice. 

Another key challenge in energy-efficient 5G networks is the trade-off between performance and 

power consumption. While energy-saving mechanisms such as sleep mode activation and dynamic power 

scaling can substantially reduce energy usage, they must be carefully managed to prevent degradation in service 

quality. Research efforts are increasingly focusing on hybrid strategies that balance these trade-offs by 

combining intelligent network management with energy-aware optimization techniques. Addressing these 

complexities requires a multidisciplinary approach that merges advances in machine learning, communication 

theory, and network engineering. Additionally, regulatory policies and industry standards play a crucial role in 

driving the adoption of energy-efficient 5G technologies. Governments and regulatory bodies worldwide are 

implementing policies to encourage sustainable telecommunications practices, including incentives to adopt 

green networking solutions and stricter energy-consumption guidelines for network operators. These initiatives 

are expected to accelerate research and development in energy-efficient 5G technologies, fostering 

collaboration between academia, industry, and policymakers. 

In this journal article, we conduct an extensive analysis of the existing literature on macro-pico cell 

coordination, systematically evaluating methodologies, algorithms, and architectures proposed to improve 

energy efficiency in 5G networks. Our objective is to develop a comprehensive framework that integrates 

multiple key strategies, including AI-driven coordination for adaptive resource allocation, dynamic spectrum 

management, and interference mitigation techniques. By leveraging these advanced solutions, our proposed 

framework aims to achieve optimal energy utilization while maintaining high network performance and user 

experience. Additionally, we will explore the practical implications of these strategies by assessing their 

feasibility, scalability, and real-world applicability. Our study will also delve into the regulatory aspects 

influencing energy-efficient network deployment, discussing how policy interventions and standardization 

efforts can facilitate the transition toward greener 5G infrastructure. By incorporating both technical and 

policy-oriented perspectives, this research provides a well-rounded understanding of the factors shaping energy 

efficiency in next-generation networks. 

In conclusion, this study highlights the critical role of energy-efficient coordination between macro 

and pico cells in 5G networks. By synthesizing insights from SMS and SLR methodologies, we present a 

structured review of existing advancements and identify gaps warranting further exploration. The findings of 

this research contribute to both theoretical advancements and practical implementations in the 

telecommunications sector, paving the way for the development of more sustainable, adaptive, and resilient 

wireless networks. Analyzing comparative data from recent studies on energy-efficient 5G networks provides 

critical insights into emerging trends, methodologies, and challenges in macro- and pico-cell coordination. The 

surveyed studies, spanning 2022 to 2024, highlight various energy-efficiency approaches, coordination 

mechanisms, and optimization techniques aimed at reducing power consumption while maintaining network 
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performance. Most studies focus on macro- and pico-cell integration, emphasizing the need for coordinated 

resource allocation and power management. Eight studies explore hybrid macro-pico cell frameworks, while 

seven studies exclusively focus on macro cells. Only two studies independently investigate pico cell energy 

efficiency. These findings highlight that macro- and pico-cell coexistence remains a critical research focus for 

energy-efficient 5G deployments. 

The comparative analysis of recent studies on energy-efficient 5G networks reveals significant trends, 

methodologies, and challenges in optimizing macro- and pico-cell coordination. The selected studies, spanning 

from 2022 to 2024, emphasize various approaches to reducing energy consumption while maintaining network 

performance. The predominant methodologies used in these studies include SLR, SMS, and their combination. 

Seven studies primarily rely on SLR to comprehensively evaluate existing research. Meanwhile, four studies 

employ SMS to map current trends and gaps in energy-efficient networking. The preference for literature 

reviews suggests an increasing focus on synthesizing research findings to develop sustainable 5G technologies. 

Coordination mechanisms play a crucial role in managing interference and optimizing power 

consumption in macro and pico cells. Among the most adopted strategies, AI-driven coordination, as seen in 

[32], [33], leverages artificial intelligence for dynamic resource allocation and energy optimization. Predictive 

coordination, proposed by [34]. It integrates predictive analytics to enhance fault tolerance and redundancy. 

Self-optimizing networks, employed by [35], utilize deep reinforcement learning to enable real-time power 

control. Additionally, interference coordination and spectrum management techniques, as discussed by [36], 

[37], address spectrum allocation and interference mitigation. Cloud-based coordination, studied by [38], 

combines cloud computing with fog networks to enhance scalability and efficiency in energy utilization. 

Various energy-efficiency approaches have been proposed to improve 5G sustainability. Machine learning and 

AI-based power control, discussed by [39], [40]. Employ deep learning models to dynamically allocate power 

resources. Hybrid beamforming, introduced by [41]. It enhances spectral efficiency while reducing energy 

wastage. Blockchain-based energy trading, explored by [42], applies decentralized smart contracts to optimize 

energy distribution across network nodes. Cloud-fog computing, examined by [43]. It utilizes distributed 

computing resources to minimize energy consumption. Additionally, Divya et al. [44] highlights the integration 

of renewable energy sources into 5G networks to reduce reliance on traditional power grids. These studies 

collectively demonstrate a shift towards intelligent and decentralized solutions for energy-efficient networking. 

The analysis of macro- and pico-cell specificity reveals that most studies focus on hybrid macro-pico-

cell integration to optimize resource allocation and power management. Five studies investigate hybrid macro-

pico cell frameworks, while three studies focus solely on macro cells. Only one study independently examines 

energy efficiency in pico cells. This distribution suggests that the coexistence of macro and pico cells remains 

a key research area for achieving energy-efficient 5G deployments, emphasizing the importance of 

coordination between different cell types. Several challenges and future directions emerge from the reviewed 

studies. Interference management remains a primary concern, given the increasing density of 5G networks. 

Scalability and adaptability challenges persist, particularly in AI-driven solutions that require further 

refinement to function effectively in large-scale deployments. Regulatory and policy frameworks are crucial 

in facilitating the adoption of emerging technologies such as blockchain-based energy trading. Another key 

challenge is balancing energy efficiency with network performance. While AI-based power control and 

predictive analytics show promise, they must ensure minimal service degradation while optimizing power 

usage. 

The reviewed studies collectively indicate that AI-driven optimization, predictive analytics, and 

blockchain-based energy trading are among the most promising solutions for achieving energy efficiency in 

5G networks. Future research should explore hybrid strategies integrating real-time AI optimization, 

decentralized energy management, and policy-driven incentives to facilitate widespread adoption. By 

addressing interference mitigation, network scalability, and sustainability challenges, next-generation 5G 

networks can achieve higher energy efficiency while ensuring seamless connectivity and performance. The 

SMS results and discussion cover topic areas ranging from energy-efficient 5G macro and pico cell 

coordination to bibliometric analysis, topic modelling, and trends in large-scale energy efficiency solutions, 

using data mining. Meanwhile, the SLR process represents issues related to performance metrics, energy 

consumption, and power-saving strategies, particularly in the coordination of macro and pico cells using AI-

based techniques.  

 

 

2. METHOD  

2.1.  Research approach 

This study adopts a dual-methodological approach that integrates the SMS and the SLR to investigate 

energy-efficient coordination mechanisms for macro and pico cells in 5G networks. The SMS provides a broad 

landscape analysis, enabling the identification of research trends, classification categories, and gaps in the 
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existing literature. The SLR offers a deep analytical layer, allowing for the extraction of detailed findings, 

evaluation of methodologies, and assessment of performance outcomes. The combined approach was chosen 

for two main reasons: i) SMS ensures comprehensive coverage of the research domain, which is crucial for 

accurately mapping the breadth of studies in this rapidly evolving field, and ii) SLR enables critical evaluation 

of specific coordination techniques, ensuring that conclusions are grounded in a rigorous synthesis of high-

quality evidence. This integration directly addresses the research questions outlined in section 1 and ensures 

that the subsequent results and discussion sections are supported by a robust methodological foundation. A 

conceptual flowchart of this methodology is illustrated in Figure 1. 
 

 

 
 

Figure 1. Conceptual method flowchart 

 

 

2.2.  Systematic mapping study 

2.2.1. Research questions for systematic mapping study 

The SMS phase was designed to answer three research questions (RQ1–RQ3) that focus on identifying 

trends, evaluating applied methodologies, and revealing open challenges in energy-efficient macro–pico cell 

coordination. These questions were formulated to ensure that the mapping process captures both the 

technological depth (specific methods and metrics) and the strategic breadth (emerging trends and challenges) 

of the field. The rationale for selecting these RQs lies in their alignment with the study’s primary objectives. 

The RQs presented in Table 1 serve as a framework for investigating the core aspects of energy-

efficient coordination in 5G networks. The structured investigation of these research questions contributes to 

the ongoing discourse on sustainable 5G network development. By analysing current research trends, applied 

methodologies, and existing challenges, this study provides valuable insights that can guide future innovations 

in energy-efficient network coordination. 
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Table 1. SMS RQs 
No SLR RQ Objective 

RQ1 What are the main research trends in 
energy-efficient coordination solutions 

for 5G macro and pico cells? 

To capture how research efforts have evolved and which coordination 
strategies are most prevalent. 

RQ2 How have different methodologies been 
applied to optimize energy efficiency in 

heterogeneous 5G networks? 

To examine the diversity of applied methodologies and evaluate their 
reported effectiveness. 

RQ3 What are the primary challenges and 
future research directions in macro and 

pico cell coordination? 

To identify unresolved issues and guide future innovation. 
By grounding the SMS in these targeted questions, the mapping process 

ensures that subsequent literature review efforts are both comprehensive and 

directly relevant to addressing the stated research gaps. 

 

 

2.2.2. Systematic mapping study process 

The SMS process followed four structured stages, adapted from established guidelines for evidence-

based software engineering and communication systems research. Table 2 shows the SMS stages. 
 
 

Table 2. SMS stages 
No SMS stage Description 

1 Identification of 
research scope 

Involved defining the research scope through explicit inclusion and exclusion criteria, ensuring 
relevance to macro–pico cell coordination. 

2 Keyword-based 

search strategy 

Applied a keyword-based search strategy across IEEE Xplore, ScienceDirect, Springer, and ACM 

Digital Library using controlled terms such as “energy-efficient 5G networks,” “macro–pico cell 
coordination,” “power optimization,” and “interference management”. 

3 Categorization of 

studies 

Categorized the retrieved studies according to research focus (macro only, pico only, or hybrid), 

methodology, and reported performance metrics. 
4 Trend analysis Conducted a trend analysis to identify high-impact topics and persistent research gaps. This structured 

process ensured methodological transparency, reproducibility, and minimized selection bias. 

 

 

2.3.  Systematic literature review 

The SLR phase complemented the SMS by performing a granular examination of selected studies to 

evaluate coordination mechanisms, the role of AI, and comparative advantages of different strategies. Three 

RQs (RQ4–RQ6) were developed to ensure that the review captured both technical performance (energy 

savings and latency improvements) and practical feasibility (scalability and adaptability). The SLR process 

adhered to the PRISMA 2020 guidelines, which involved:  

− Defining selection criteria–only peer-reviewed journal and conference papers published between 2019 and 

2024, in English, and explicitly addressing energy-efficient coordination in 5G macro and/or pico cells, 

were included. 

− Screening and eligibility–abstract and full-text reviews were conducted independently by two reviewers, 

with disagreements resolved through consensus. 

− Data extraction–key variables such as network type, coordination mechanism, performance metrics, and 

identified challenges were recorded in a standardized template.  

This protocol ensured methodological rigor and reproducibility, allowing other researchers to replicate or 

extend the analysis. 

 

2.4.  Performance metrics and evaluation criteria 

To evaluate the effectiveness of energy-efficient coordination strategies, five performance metrics 

were applied: energy consumption reduction, interference mitigation efficiency, throughput and latency 

improvement, scalability and adaptability, and computational complexity. These metrics were selected because 

they reflect both network performance goals and sustainability targets in modern 5G deployments. By linking 

these metrics to the research questions, the evaluation not only assesses technical feasibility but also provides 

actionable insights for industry adoption. 

The performance metrics outlined in Table 3 provide a comprehensive framework for evaluating 

energy-efficient coordination strategies in 5G networks. By incorporating these performance metrics, this study 

ensures a balanced evaluation of energy-efficient coordination solutions, addressing both efficiency and 

practicality in 5G network deployment. 

 

2.5.  Data analysis and interpretation 

The final stage involved synthesizing findings from both the SMS and SLR through a two-layered 

analysis. The first layer aggregated SMS results to identify broad trends and topic clusters. The second layer 
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applied cross-comparison within the SLR dataset to assess the relative strengths, weaknesses, and applicability 

of each coordination strategy. This integrative approach ensured that the analysis was both comprehensive and 

comparative, enabling robust conclusions about the current state and future direction of energy-efficient 

macro–pico coordination. 
 

 

Table 3. Performance metrics and evaluation criteria 
No Performance metric Evaluation criteria 

1 Energy consumption 

reduction 

Measures the percentage of power savings achieved by different coordination strategies. A 

lower energy footprint indicates a more efficient solution. 

2 Interference mitigation 
efficiency 

Evaluates how effectively a technique minimizes interference between macro and pico 
cells, ensuring stable network performance. 

3 Throughput and latency 

improvement 

Analyzes the impact of coordination solutions on data transmission rates (throughput) and 

response time (latency), ensuring that energy savings do not compromise user experience. 
4 Scalability and adaptability Assesses how well a solution adapts to increasing network loads and dynamic 

environmental conditions, which is crucial for future 5G network expansions. 

5 Computational complexity Examines the feasibility of implementing AI-driven or algorithmic optimization methods in 

real-world 5G networks, considering processing power and execution time constraints. 

 

 

Figure 2 is a search strategy diagram with inclusion/exclusion criteria. The search strategy diagram 

provides a step-by-step overview of how relevant literature is selected. By implementing a structured search 

strategy, this study ensures that the selected research articles are comprehensive, relevant, and aligned with the 

research objectives. The search strategy diagram effectively visualizes the filtering process, demonstrating the 

rigor and reliability of the literature review method.  

 

 

 

 

Figure 2. Search strategy diagram 
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2.6.  Research validation and limitations 

To ensure the reliability of study selection and data extraction, two independent reviewers cross-

checked all included studies. Any discrepancies were discussed and resolved through consensus, ensuring that 

only studies meeting the predefined inclusion criteria were retained. This approach minimized the risk of 

selection bias and enhanced consistency in interpreting results. 

The primary limitation of this study lies in its reliance on secondary data from previously published 

works, which may introduce bias due to variations in experimental conditions, network settings, and 

performance metrics across studies. To mitigate this, only research with clearly reported methodologies and 

well-defined performance indicators was included in the final dataset. Future work should incorporate 

empirical field trials or simulation-based experiments to validate the practical effectiveness of the identified 

coordination strategies in real-world 5G network environments. 

 

 

3. RESULTS AND DISCUSSION  

This chapter presents the results obtained from the dual-methodological approach—comprising an 

SMS and an SLR—and provides a detailed discussion of the findings. The chapter is structured into sections 

that first introduce an overview of the findings, then present results from the SMS and SLR separately, followed 

by an integrated discussion of the results, and finally conclude with a summary of the key insights. 

 

3.1.  Overview of findings 

We synthesized 19 studies on energy-efficient coordination in 5G, spanning macro-only, pico-only, 

and hybrid macro–pico deployments. After deduplication, the corpus is distributed as macro (8, 42.1%), pico 

(3, 15.8%), and hybrid (8, 42.1%), indicating that coordinated macro–pico architectures receive attention 

comparable to that of macro-only approaches. We also observe a consistent emphasis on AI-driven self-

organizing coordination, predictive coordination, and hybrid models as recurring mechanisms for managing 

interference, balancing load, and reducing power consumption.  

 

3.2.  Results from the systematic mapping study 

3.2.1. Distribution of studies by research focus and methodology 

The SMS clarifies topical coverage across study foci. After reconciling duplicates, macro-only and 

hybrid macro–pico studies are equally prevalent (8 each), with pico-only remaining under-represented (3). This 

under-sampling of pico-only work suggests a field-level bias toward either network-wide macro-optimizations 

or heterogeneous coordination settings, and motivates closer scrutiny of pico-specific energy behaviors and 

control loops. Table 4 presents the distribution of studies according to their primary research focus. 

 

 

Table 4. Distribution of studies by research focus and methodology 
Study focus Number of studies Percentage (%) 

Macro only 8 42.1 
Pico only 3 15.8 

Hybrid (macro-pico) 8 42.1 
Total 19 100 

 

 

3.2.2. Coordination mechanism analysis 

Coordination mechanisms cluster around a few dominant families: AI-driven self-

organizing/optimizing (highest single share), followed by inter- and intra-cell coordination, and smaller but 

notable shares for hybrid, predictive, cloud-/edge-assisted, and spectrum-centric schemes. The mechanism mix 

reflects a community shift from static knobs to adaptive, learning-based control that can co-optimize energy 

and quality of service (QoS) under load and channel variability. Table 5 summarizes the distribution of studies 

by primary coordination mechanism. Among the identified approaches, self-organizing or AI-driven 

optimization emerges as the most prevalent (21.1%), reflecting a clear trend toward adaptive, learning-based 

control in managing energy efficiency. Inter-cell and intra-cell coordination methods follow closely, each 

accounting for 15.8% of the total. The remaining mechanisms, such as hybrid coordination, predictive 

coordination, and cloud-based or spectrum-focused strategies, are less frequently reported and typically 

represent niche solutions tailored to specific deployment scenarios. Table 6 bridges the SMS categorization 

with the quantitative outcomes extracted from the SLR, enabling a clearer interpretation of how research trends 

translate into measurable performance improvements. 
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Table 5. Distribution of studies by coordination mechanism 
Coordination mechanism Count Percentage (%) 

Inter-cell coordination 3 15.8 
Intra-cell coordination 3 15.8 

Hybrid coordination 2 10.5 

Predictive coordination 1 5.3 
Self-organizing/optimizing (AI-driven) 4 21.1 

Distributed coordination 1 5.3 

Interference coordination 1 5.3 
Decentralized coordination 1 5.3 

Cloud-based Coordination 1 5.3 

Spectrum coordination 1 5.3 
Macro-pico coordination (this paper) 1 5.3 

Total 19 100 

 

 

Table 6. Integration of SMS categories and SLR performance outcomes 
SMS category Dominant technique Energy reduction (%) Latency impact Interference reduction 

AI-driven coordination Deep RL, federated learning 20–30 Improved High 

Hybrid macro–pico Load balancing+beamforming 18–25 Stable medium–high 

Spectrum coordination AI-based allocation 15–20 Improved High 
Cloud/fog coordination Centralized optimization 20–28 Slight delay Medium 

Sleep mode strategies Dynamic activation 10–18 Neutral Low 

 

 

3.3.  Results from the systematic mapping study 

3.3.1. Comparative analysis of energy efficiency review papers 

Across studies, AI-assisted methods recur—from deep reinforcement learning for self-organizing pico 

cells to hybrid beamforming and AI-assisted spectrum management—and typically report simultaneous energy 

reductions with preservation of throughput and latency. Cloud/fog-assisted coordination is used to scale 

optimization for dense deployments, while decentralized or blockchain-based schemes focus on energy and 

trust at the periphery. This plurality of mechanisms underscores that coordination effectiveness hinges on joint 

design of interference control, traffic steering, and power scaling rather than single-knob tuning. Table 7 

provides a comparative synthesis of the reviewed studies, detailing their approaches to energy efficiency, 

network types, cell specificity, survey methods, performance metrics, identified challenges, and applied 

coordination mechanisms. This tabular format allows for a side-by-side examination of methodological choices 

and reported outcomes, highlighting both the diversity of strategies and the common reliance on AI-driven or 

adaptive coordination techniques. As evident from Table 6, studies employing AI-driven coordination—

particularly those integrating deep learning, reinforcement learning, or hybrid beamforming—tend to report 

simultaneous improvements in energy efficiency and quality-of-service metrics. Conversely, methods that 

focus solely on inter-cell or intra-cell coordination, without adaptive control, appear less consistent in achieving 

performance gains. This pattern reinforces the emerging consensus that effective macro–pico coordination 

requires multi-layered, adaptive mechanisms rather than static configurations. 

 

3.3.2. Performance metrics comparison 

Energy reduction, latency, and interference mitigation emerge as the primary axes of evaluation. 

Reported results consistently show that learning-based and hybrid coordination tend to co-improve at least two 

axes (power and latency), while predictive coordination emphasizes robustness (fault tolerance, redundancy). 

However, scalability and computational complexity are less frequently quantified with common baselines, 

complicating head-to-head comparisons across studies. 

 

3.4.  Discussion 

Although macro and hybrid deployments dominate the literature, dedicated pico-only investigations 

remain scarce, limiting our understanding of pico-level power dynamics and control stability under dense user 

association and bursty traffic. Evidence for the scalability of AI-driven schemes in city-scale, spectrum-

constrained scenarios is also limited, and metric baselines are non-uniform across studies, hindering 

quantitative synthesis.  

Our mapping confirms that AI-driven self-organizing coordination and hybrid macro–pico strategies 

are the most frequently reported routes to energy savings without QoS penalties, supported by mechanisms 

such as hybrid beamforming, AI-assisted spectrum assignment, and cloud- and fog-assisted control planes. The 

evidence base spans 19 studies, with hybrid macro–pico receiving attention comparable to macro-only, and 

pico-only receiving a minor share. Figure 3 shows the comparison of performance metrics across different 

coordination strategies, including energy reduction, latency improvement, and interference management. It can 
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be observed that self-organizing/optimizing and hybrid coordination approaches achieve higher energy 

reduction, while predictive and cloud-based coordination provide balanced performance across multiple 

metrics. 
 

 

Table 7. Summary of energy-efficient coordination approaches 

 

 

 
 

Figure 3. Performance metrics comparison across coordination strategies 
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[47] Hybrid energy management Macro 
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[51] Energy-aware load 

balancing 

Pico SMS and 

SLR 

Bandwidth utilization and cost Inter-cell 
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Taken together, these findings indicate that coordination—not single-layer optimization—drives 

material energy gains. Results resonate with studies cataloged in Table 6: reinforcement-learning controllers 

improve dynamic power control in self-optimizing cells, hybrid beamforming reduces transmit overhead while 

preserving spectral efficiency, and AI-assisted spectrum allocation curbs inter-cell interference in dense 

layouts. Cloud/fog orchestration appears necessary wherever controller compute or state dissemination exceeds 

RAN-edge capabilities. Relative to non-learning inter-/intra-cell schemes, learning-based controllers report 

broader Pareto improvements (energy vs. latency/interference), albeit with higher compute/telemetry demands. 

This synthesis is constrained by secondary-data reliance and heterogeneous reporting (varying traffic 

models, hardware assumptions, and KPIs). Few studies disclose scaling behavior (OPEX of model inference, 

backhaul signaling) or common baselines, and pico-only evidence is thin. These factors limit causal attribution 

and reduce transferability. 

For practitioners, the results support deploying hierarchical coordination: cell-local learning agents 

for fast power/sleep decisions, with cloud/fog controllers handling spectrum and cross-cell load steering. For 

researchers, we recommend: i) standardized evaluation suites aligned to five KPI families (energy, interference, 

latency/throughput, scalability, and complexity); ii) scalability studies quantifying control-plane overhead and 

inference cost; iii) pico-centric experiments (association dynamics, sleep transitions, and backhaul constraints);  

iv) multi-objective RL with explicit QoS and safety constraints; and v) exploration of decentralized/market-

based energy coordination (blockchain-assisted) only where trust/settlement constraints justify added 

overhead. 

In summary, the evidence indicates that adaptive, learning-based macro–pico coordination is a strong 

candidate to reconcile energy efficiency with service quality. Consolidated benchmarks and pico-focused 

validations are the next steps to translate these gains into deployable 5G/5G-Advanced architectures. A 

conceptual simulation framework is proposed to validate the identified coordination strategies. The framework 

considers a heterogeneous 5G scenario consisting of one macro cell and multiple pico cells deployed in a high-

density urban environment. The simulation parameters include dynamic traffic load, user mobility, and varying 

interference conditions. The performance evaluation focuses on energy consumption, latency, throughput, and 

interference levels. AI-based coordination algorithms are applied for dynamic power control and load 

balancing, while sleep mode mechanisms are activated during low traffic periods. This conceptual framework 

provides a foundation for future empirical validation of the proposed coordination approaches. 

 

 

4. CONCLUSION  

This study delivers the first integrated mapping-and-review synthesis of energy-efficient coordination 

strategies for macro and pico cells in 5G networks, bridging broad trend analysis with detailed performance 

evaluation. The evidence confirms that adaptive, AI-driven coordination frameworks—particularly hybrid 

macro–pico deployments—consistently reduce energy consumption while maintaining or improving quality-

of-service metrics such as latency, throughput, and interference control. 

For the research community, these findings clarify where future work should focus: i) addressing the 

scarcity of pico-only performance evaluations, ii) developing standardized benchmarking frameworks to 

ensure comparability across studies, and iii) validating learning-based coordination schemes in large-scale, 

real-world environments. The methodological framework demonstrated here—combining SMS and SLR with 

structured performance metrics—can also be adapted to other domains of wireless optimization, fostering 

reproducibility and cumulative knowledge building. 

For industry and practitioners, the results highlight the practical potential of hierarchical coordination 

architectures: edge-based, cell-local controllers for rapid power and sleep-state adjustments, coupled with 

cloud/fog controllers for spectrum management and cross-cell load balancing. These architectures could be 

integrated into 5G-advanced and 6G-ready network management platforms, supporting green networking 

initiatives and ensuring compliance with emerging energy-efficiency regulations. 

Looking ahead, promising application areas include smart city sensor grids, autonomous vehicular 

networks, and mission-critical IoT, where macro–pico coordination can reconcile high reliability with low 

power budgets. Additionally, blockchain-enabled energy markets could complement coordination strategies by 

facilitating secure, decentralized energy trading among network nodes, provided the added overhead is justified 

by operational requirements. 

In conclusion, by revealing both the current strengths and persistent gaps in macro–pico coordination 

research, this study provides actionable insights for designing sustainable, adaptive, and scalable wireless 

infrastructures. The dual emphasis on technical performance and practical deployment feasibility ensures that 

the contributions are not only academically rigorous but also directly relevant to network operators, 

policymakers, and the broader ICT community working toward sustainable digital futures. 

 

 



                ISSN: 2302-9285 

Bulletin of Electr Eng & Inf, Vol. 15, No. 2, April 2026: 1576-1589 

1586 

ACKNOWLEDGMENTS  

The authors would like to express their sincere gratitude to all those who contributed to the success 

of this study. We extend our thanks to our academic advisors and colleagues for their invaluable guidance, 

insightful discussions, and constructive feedback, which have significantly improved the quality of this 

manuscript. We are also grateful to the technical staff and research team at our institution for their continuous 

support throughout the research process. Finally, we appreciate the encouragement and assistance provided by 

our peers, which helped us overcome challenges and refine our ideas. 

 

 

FUNDING INFORMATION  

This research did not receive any funding from public, commercial, or non-profit sectors. The authors 

declare that no financial support was involved in the conduct of this study, its research activities, or the 

preparation of this manuscript. 

 

 

AUTHOR CONTRIBUTIONS STATEMENT 

This journal uses the Contributor Roles Taxonomy (CRediT) to recognize individual author 

contributions, reduce authorship disputes, and facilitate collaboration.  

 

Name of Author C M So Va Fo I R D O E Vi Su P Fu 

Hasanah Putri ✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓ ✓  ✓  

Rendy Munadi  ✓      ✓ ✓  ✓ ✓   

Sofia Naning Hertiana ✓ ✓  ✓     ✓  ✓  ✓  

Alfin Hikmaturokhman    ✓ ✓     ✓  ✓   

 

C :  Conceptualization 

M :  Methodology 

So :  Software 

Va :  Validation 

Fo :  Formal analysis 

I :  Investigation 

R :  Resources 

D : Data Curation 

O : Writing - Original Draft 

E : Writing - Review & Editing 

Vi :  Visualization 

Su :  Supervision 

P :  Project administration 

Fu :  Funding acquisition 

 

 

 

CONFLICT OF INTEREST STATEMENT  

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

  

DATA AVAILABILITY  

Data availability is not applicable to this paper as no new data were created or analyzed in this study.  

 

 

REFERENCES 
[1] B. Chen, Y. Chen, Y. Wu, Y. Xiu, X. Fu, and K. Zhang, “The Effects of Autonomous Vehicles on Traffic Efficiency and Energy 

Consumption,” Systems, vol. 11, no. 7, p. 347, Jul. 2023, doi: 10.3390/systems11070347. 

[2] N. Bouchemal and S. Kallel, “Testbed of V2X infrastructure for autonomous vehicles,” Annals of Telecommunications, vol. 76, no. 

9–10, pp. 731–743, Sep. 2021, doi: 10.1007/s12243-021-00880-w. 

[3] D. Parekh et al., “A Review on Autonomous Vehicles: Progress, Methods and Challenges,” Electronics, vol. 11, no. 14, p. 2162, 
Jul. 2022, doi: 10.3390/electronics11142162. 

[4] Y. Gai, Y. Liu, M. Li, and S. Yang, “Markovian with Federated Deep Recurrent Neural Network for Edge—IoMT to Improve 

Healthcare in Smart Cities,” Journal of Grid Computing, vol. 22, no. 1, Dec. 2023, doi: 10.1007/s10723-023-09709-3. 
[5] S. Tahmasseby, “The Implementation of Smart Mobility for Smart Cities: A Case Study in Qatar,” Civil Engineering Journal, vol. 

8, no. 10, pp. 2154–2171, Oct. 2022, doi: 10.28991/cej-2022-08-10-09. 

[6] S. A. Syed, D. K. Sharma, and G. Srivastava, “Modeling Distributed and Configurable Hierarchical Blockchain over SDN and Fog-
Based Networks for Large-Scale Internet of Things,” Journal of Grid Computing, vol. 21, no. 4, Nov. 2023, doi: 10.1007/s10723-

023-09698-3. 

[7] P. Majumdar, D. Bhattacharya, S. Mitra, and B. Bhushan, “Application of Green IoT in Agriculture 4.0 and Beyond: Requirements, 
Challenges and Research Trends in the Era of 5G, LPWANs and Internet of UAV Things,” Wireless Personal Communications, 

vol. 131, no. 3, pp. 1767–1816, Jun. 2023, doi: 10.1007/s11277-023-10521-1. 

[8] K. Zhang, M. Tao, and J. Hao, “Analysis and Prediction of Factors Influencing Carbon Emissions of Energy Consumption Under 
Climate Change,” Strategic Planning for Energy and the Environment, Dec. 2023, doi: 10.13052/spee1048-5236.4314. 

[9] S. Modi and J. Bhattacharya, “A system for electric vehicle’s energy-aware routing in a transportation network through real-time 

prediction of energy consumption,” Complex &amp; Intelligent Systems, vol. 8, no. 6, pp. 4727–4751, Apr. 2022, doi: 

10.1007/s40747-022-00727-4. 



Bulletin of Electr Eng & Inf  ISSN: 2302-9285  

 

Towards energy-efficient 5G networks: coordination solutions for macro and pico cells (Hasanah Putri) 

1587 

[10] Z. Yan, Z. Zhou, and K. Du, “How does environmental regulatory stringency affect energy consumption? Evidence from Chinese 
firms,” Energy Economics, vol. 118, p. 106503, Feb. 2023, doi: 10.1016/j.eneco.2023.106503. 

[11] Y. Gao, S. Mi, H. Zheng, Q. Wang, and Z. Wei, “An Energy Efficiency Tool Path Optimization Method Using a Discrete Energy 

Consumption Path Model,” Machines, vol. 10, no. 5, p. 348, May 2022, doi: 10.3390/machines10050348. 
[12] X. Tian, H. Zhang, H. Zhou, and L. Zhang, “Synthesis optimization of underwater glider motion parameters based on the total 

energy consumption model,” Ocean Engineering, vol. 297, p. 117103, Apr. 2024, doi: 10.1016/j.oceaneng.2024.117103. 

[13] C. Shivakeshi and S. B, “A Review on Efficient Energy Consumption in Software-Defined Networking Using Routing Aware 
Protocols,” International Journal of Membrane Science and Technology, vol. 10, no. 5, pp. 478–490, Oct. 2023, doi: 

10.15379/ijmst.v10i5.2532. 

[14] L. Li, Y. Han, Q. Li, and W. Chen, “Multi-Dimensional Economy-Durability Optimization Method for Integrated Energy and 
Transportation System of Net-Zero Energy Buildings,” IEEE Transactions on Sustainable Energy, vol. 15, no. 1, pp. 146–159, Jan. 

2024, doi: 10.1109/tste.2023.3275160. 

[15] E. Belloni, F. Cotana, S. Nakamura, A. L. Pisello, and D. Villacci, “A new smart laser photoluminescent light (LPL) technology for 
the optimization of the on-street lighting performance and the maximum energy saving: development of a prototype and field tests,” 

Sustainable Energy, Grids and Networks, vol. 34, p. 101064, Jun. 2023, doi: 10.1016/j.segan.2023.101064. 

[16] M. Fall, Y. Balboul, M. Fattah, S. Mazer, M. El Bekkali, and A. D. Kora, “Towards Sustainable 5G Networks: A Proposed 
Coordination Solution for Macro and Pico Cells to Optimize Energy Efficiency,” IEEE Access, vol. 11, pp. 50794–50804, 2023, 

doi: 10.1109/access.2023.3278209. 

[17] W. Wang, N. Qi, L. Jia, C. Li, T. A. Tsiftsis, and M. Wang, “Energy-Efficient UAV-Relaying 5G/6G Spectrum Sharing Networks: 
Interference Coordination With Power Management and Trajectory Design,” IEEE Open Journal of the Communications Society, 

vol. 3, pp. 1672–1687, 2022, doi: 10.1109/ojcoms.2022.3209368. 

[18] Y. Gong, H. Yao, J. Wang, L. Jiang, and F. R. Yu, “Multi-Agent Driven Resource Allocation and Interference Management for 
Deep Edge Networks,” IEEE Transactions on Vehicular Technology, vol. 71, no. 2, pp. 2018–2030, Feb. 2022, doi: 

10.1109/tvt.2021.3134467. 

[19] V. Sathya, S. M. Kala, S. Bhupeshraj, and B. R. Tamma, “RAPTAP: a socio-inspired approach to resource allocation and 
interference management in dense small cells,” Wireless Networks, vol. 27, no. 1, pp. 441–464, Sep. 2020, doi: 10.1007/s11276-

020-02460-7. 

[20] A. Malik, G. Shukla, D. Sharma, S. Singh, and S. Kumar, “Enhancement of Edge Security Using Dynamic Load-Balancing 
Algorithm for 5G Cloud Computing Network,” in Machine Intelligence for Research and Innovations, Springer Nature Singapore, 

2024, pp. 281–291, doi: 10.1007/978-981-99-8135-9_25. 

[21] A. Jahid, M. H. Alsharif, P. Uthansakul, J. Nebhen, and A. A. Aly, “Energy Efficient Throughput Aware Traffic Load Balancing in 
Green Cellular Networks,” IEEE Access, vol. 9, pp. 90587–90602, 2021, doi: 10.1109/access.2021.3091499. 

[22] T. Balachander, K. Ramana, R. M. Mohana, G. Srivastava, and T. R. Gadekallu, “Cooperative Spectrum Sensing Deployment for 

Cognitive Radio Networks for Internet of Things 5G Wireless Communication,” Tsinghua Science and Technology, vol. 29, no. 3, 
pp. 698–720, Jun. 2024, doi: 10.26599/tst.2023.9010065. 

[23] L. You, J. Xu, G. C. Alexandropoulos, J. Wang, W. Wang, and X. Gao, “Energy Efficiency Maximization of Massive MIMO 

Communications With Dynamic Metasurface Antennas,” IEEE Transactions on Wireless Communications, vol. 22, no. 1, pp. 393–
407, Jan. 2023, doi: 10.1109/twc.2022.3194070. 

[24] R. Zhang, L. Cheng, S. Wang, Y. Lou, W. Wu, and D. W. K. Ng, “Tensor Decomposition-Based Channel Estimation for Hybrid 

mmWave Massive MIMO in High-Mobility Scenarios,” IEEE Transactions on Communications, vol. 70, no. 9, pp. 6325–6340, 
Sep. 2022, doi: 10.1109/tcomm.2022.3187780. 

[25] H. Jiang et al., “A Novel 3D UAV Channel Model for A2G Communication Environments Using AoD and AoA Estimation 

Algorithms,” in IEEE Transactions on Communications, vol. 68, no. 11, pp. 7232-7246, Nov. 2020, doi: 
10.1109/TCOMM.2020.3011716. 

[26] B. Ning et al., “Beamforming Technologies for Ultra-Massive MIMO in Terahertz Communications,” IEEE Open Journal of the 

Communications Society, vol. 4, pp. 614–658, 2023, doi: 10.1109/ojcoms.2023.3245669. 
[27] S. U. Rehman, J. Ahmad, A. Manzar, and M. Moinuddin, “Beamforming Techniques for MIMO-NOMA for 5G and Beyond 5G: 

Research Gaps and Future Directions,” Circuits, Systems, and Signal Processing, vol. 43, no. 3, pp. 1518–1548, Nov. 2023, doi: 
10.1007/s00034-023-02517-w. 

[28] Z. Huang, Y. Du, S. Yang, H. Xiao, D. Wang, and T. Sun, “Joint optimization of task scheduling and computing resource allocation 

for VR video services in 5G‐advanced networks,” Transactions on Emerging Telecommunications Technologies, vol. 35, no. 1, 
Dec. 2023, doi: 10.1002/ett.4909. 

[29] D. J. Kadhim, M. H. Saleh, and S. J. Abou-Loukh, “Evaluation of massive multiple-input multiple-output communication 

performance under a proposed improved minimum mean squared error precoding,” IAES International Journal of Artificial 

Intelligence (IJ-AI), vol. 12, no. 2, p. 984, Jun. 2023, doi: 10.11591/ijai.v12.i2.pp984-994. 

[30] A. M. Elbir and K. V. Mishra, “Joint Antenna Selection and Hybrid Beamformer Design Using Unquantized and Quantized Deep 

Learning Networks,” IEEE Transactions on Wireless Communications, vol. 19, no. 3, pp. 1677–1688, Mar. 2020, doi: 
10.1109/twc.2019.2956146. 

[31] X. C. You and F. H. Lin, “Inverse design of reflective metasurface antennas using deep learning from small‐scale statistically 

random pico‐cells,” Microwave and Optical Technology Letters, vol. 66, no. 2, Feb. 2024, doi: 10.1002/mop.34068. 
[32] U. M. R. Inkollu and J. K. R. Sastry, “AI-driven reinforced optimal cloud resource allocation (ROCRA) for high-speed satellite 

imagery data processing,” Earth Science Informatics, vol. 17, no. 2, pp. 1609–1624, Feb. 2024, doi: 10.1007/s12145-024-01242-5. 

[33] S. Sharma, R. Tyagi, and S. Mohan, “Artificial Intelligence and Green 6G Network-enabled Architectures, Scenarios, and 
Applications for Autonomous Connected Vehicles,” in 6G Connectivity-Systems, Technologies, and Applications, River Publishers, 

2024, pp. 187–212, doi: 10.1201/9781003515920-9. 

[34] M. Skocaj et al., “Data-driven Predictive Latency for 5G: A Theoretical and Experimental Analysis Using Network Measurements,” 
in 2023 IEEE 34th Annual International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), Sep. 2023, 

pp. 1–6, doi: 10.1109/pimrc56721.2023.10293861. 

[35] F. Seredyński, T. Kulpa, R. Hoffmann, and D. Désérable, “Coverage and Lifetime Optimization by Self-Optimizing Sensor 
Networks,” Sensors, vol. 23, no. 8, 2023, doi: 10.3390/s23083930. 

[36] Annu and P. Rajalakshmi, “Towards 6G V2X Sidelink: Survey of Resource Allocation—Mathematical Formulations, Challenges, 

and Proposed Solutions,” IEEE Open Journal of Vehicular Technology, vol. 5, pp. 344–383, 2024, doi: 10.1109/ojvt.2024.3368240. 
[37] C. Baylis, D. Roberson, S. Hussey, A. Egbert, A. Clegg, and R. J. Marks, “Adaptive and Reconfigurable Collaboration between 

Aircraft Wireless Systems and Wireless Communications,” in 2023 IEEE Texas Symposium on Wireless and Microwave Circuits 

and Systems (WMCS), Apr. 2023, pp. 1–7, doi: 10.1109/wmcs58822.2023.10194285. 



                ISSN: 2302-9285 

Bulletin of Electr Eng & Inf, Vol. 15, No. 2, April 2026: 1576-1589 

1588 

[38] S. D. A. Shah, M. A. Gregory, and S. Li, “Toward Network-Slicing-Enabled Edge Computing: A Cloud-Native Approach for Slice 

Mobility,” IEEE Internet of Things Journal, vol. 11, no. 2, pp. 2684–2700, Jan. 2024, doi: 10.1109/jiot.2023.3292520. 
[39] S. Zhou et al., “An AI-Based Power Reserve Control Strategy for Photovoltaic Power Generation Systems Participating in 

Frequency Regulation of Microgrids,” Electronics, vol. 12, no. 9, p. 2075, Apr. 2023, doi: 10.3390/electronics12092075. 

[40] A. Abdulkadir, M. T. Kabir, H. A. Abdulkareem, and Z. Abdullahi, “Adaptive Q-Learning-Based Radio Resource Management 
Optimization in 5G and Beyond Heterogeneous-Homogeneous Networks: A Comprehensive Review,” Asian Journal of Science, 

Technology, Engineering, and Art, vol. 3, no. 1, pp. 137-154, 2025, doi: 10.58578/ajstea.v3i1.4578. 

[41] B.-Y. Chen, Y.-F. Chen, and S.-M. Tseng, “Hybrid Beamforming and Data Stream Allocation Algorithms for Power Minimization 
in Multi-User Massive MIMO-OFDM Systems,” IEEE Access, vol. 10, pp. 101898–101912, 2022, doi: 

10.1109/access.2022.3208704. 

[42] Y. Chen, Y. Qiu, Z. Tang, S. Long, L. Zhao, and Z. Tang, “Exploring the Synergy of Blockchain, IoT, and Edge Computing in 
Smart Traffic Management across Urban Landscapes,” Journal of Grid Computing, vol. 22, no. 2, Apr. 2024, doi: 10.1007/s10723-

024-09762-6. 

[43] F. A. Saif, R. Latip, Z. M. Hanapi, and K. Shafinah, “Multi-Objective Grey Wolf Optimizer Algorithm for Task Scheduling in 
Cloud-Fog Computing,” IEEE Access, vol. 11, pp. 20635–20646, 2023, doi: 10.1109/access.2023.3241240. 

[44] S. Divya, M. K. Paramathma, A. Sheela, and S. D. Kumar, “Hybrid renewable energy source optimization using black widow 

optimization techniques with uncertainty constraints,” Measurement: Sensors, vol. 31, p. 100968, Feb. 2024, doi: 
10.1016/j.measen.2023.100968. 

[45] V. V. Moni, D. Judson, X. A. Davix, and J. John, “Energy Management and Optimal Allocations of Resource in Ultra-dense 5G 

Networks Using OGDNG Theory with GWO Method,” Wireless Personal Communications, vol. 132, no. 1, pp. 261–277, Jul. 2023, 
doi: 10.1007/s11277-023-10610-1. 

[46] H. Bhaidasna and A. K. Marandi, “Adapted NOMA &amp; Zone Models For Battery-Efficient Future 5G Greens Networking,” in 

2023 3rd International Conference on Advance Computing and Innovative Technologies in Engineering (ICACITE), May 2023, pp. 
1782–1785, doi: 10.1109/icacite57410.2023.10183230. 

[47] M. Ramya and C. Arunachalaperumal, “Energy-Efficient 5G Heterogeneous Cloud Radio Access Networks (RRH to BBU) Using 
a Hybrid OGASCDASA-SAGMDEBROA Scheduling Algorithm,” IETE Journal of Research, vol. 70, no. 4, pp. 3358–3366, Feb. 

2024, doi: 10.1080/03772063.2023.2300342. 

[48] E. O. Oyekanmi and O. M. Adegoke, “An efficient reducing mechanism for energy consumption in data center using hybrid 
consolidation techniques,” Ife Journal of Science, vol. 25, no. 3, pp. 427–440, Jan. 2024, doi: 10.4314/ijs.v25i3.8. 

[49] F. Kooshki, A. G. Armada, M. M. Mowla, A. Flizikowski, and S. Pietrzyk, “Energy-Efficient Sleep Mode Schemes for Cell-Less 

RAN in 5G and Beyond 5G Networks,” IEEE Access, vol. 11, pp. 1432–1444, 2023, doi: 10.1109/access.2022.3233430. 
[50] X. Du, C. Du, J. Chen, and Y. Liu, “An energy-aware resource allocation method for avionics systems based on improved ant 

colony optimization algorithm,” Computers and Electrical Engineering, vol. 105, p. 108515, Jan. 2023, doi: 

10.1016/j.compeleceng.2022.108515. 
[51] H. Guo, Y. Wang, J. Liu, and C. Liu, “Multi-UAV Cooperative Task Offloading and Resource Allocation in 5G Advanced and 

Beyond,” IEEE Transactions on Wireless Communications, vol. 23, no. 1, pp. 347–359, Jan. 2024, doi: 10.1109/twc.2023.3277801. 

[52] S. Wang, M. Ruiz, and L. Velasco, “Context-Based e2e Autonomous Operation in B5G Networks,” Sensors, vol. 24, no. 5, p. 1625, 
Mar. 2024, doi: 10.3390/s24051625. 

[53] R. Colella, L. Spedicato, L. Laqintana, and L. Catarinucci, “Inertially Controlled Two-Dimensional Phased Arrays by Exploiting 

Artificial Neural Networks and Ultra-Low-Power AI-Based Microcontrollers,” IEEE Access, vol. 11, pp. 23474–23484, 2023, doi: 
10.1109/access.2023.3253639. 

[54] A. Asghari and M. K. Sohrabi, “Server placement in mobile cloud computing: A comprehensive survey for edge computing, fog 

computing and cloudlet,” Computer Science Review, vol. 51, p. 100616, Feb. 2024, doi: 10.1016/j.cosrev.2023.100616. 
[55] S. Son, J. Oh, D. Kwon, M. Kim, K. Park, and Y. Park, “A Privacy-Preserving Authentication Scheme for a Blockchain-Based 

Energy Trading System,” Mathematics, vol. 11, no. 22, p. 4653, Nov. 2023, doi: 10.3390/math11224653. 

[56] B. Palit, A. Sen, A. Mondal, A. Zunaid, J. Jayatheerthan, and S. Chakraborty, “Improving UE Energy Efficiency Through Network-
Aware Video Streaming Over 5G,” IEEE Transactions on Network and Service Management, vol. 20, no. 3, pp. 3487–3500, Sep. 

2023, doi: 10.1109/tnsm.2023.3250520. 

[57] A. K. T. A. Malviya and S. Pandey, “Design and Development of an Energy-Efficient Algorithm for Multi- Hop D2D in 5G 
Heterogeneous Networks - HC-RAN Using the Enhanced Adaptive Algorithm (EAA),” International Journal of Intelligent Systems 

and Applications in Engineering, vol. 12, no. 15S, pp. 395–401, 2024. 

[58] M. Ghoraishi et al., “BeGREEN: Beyond 5G Energy Efficient Networking by Hardware Acceleration and AI-Driven Management 
of Network Functions,” in 2023 Joint European Conference on Networks and Communications &amp; 6G Summit (EuCNC/6G 

Summit), Jun. 2023, pp. 717–722, doi: 10.1109/eucnc/6gsummit58263.2023.10188307. 

 

 

BIOGRAPHIES OF AUTHORS  

 

 

Hasanah Putri, S.T., M.T.     earned a bachelor's degree in electrical engineering 

from the Telkom Institute of Technology, Bandung, Indonesia, in 2007, and a master's degree 

in electrical engineering from Telkom University (Tel-U), Bandung, Indonesia, in 2010. 

Currently pursuing a Doctoral Program in Information Systems at the Doctoral Program of 

Electrical Engineering, School of Postgraduate Studies, Universitas Telkom, Bandung, 

Indonesia. She has been working as a lecturer in the Diploma in Telecommunications 

Technology program at the Faculty of Applied Sciences, Telkom University, Bandung, 

Indonesia. Her research interest is in mobile and wireless communication technologies. She 

has been an editor for the Journal of Electricity and Telecommunications. She can be contacted 

at email: hasanahputrihp@student.telkomuniversity.ac.id. 

  

https://orcid.org/0000-0002-5517-8629
https://scholar.google.com/citations?hl=id&user=EE2bjHMAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57218793416
https://www.webofscience.com/wos/author/record/3032797


Bulletin of Electr Eng & Inf  ISSN: 2302-9285  

 

Towards energy-efficient 5G networks: coordination solutions for macro and pico cells (Hasanah Putri) 

1589 

 

Prof. Dr. Ir. Rendy Munadi     has been a lecturer at the Faculty of Electrical 

Engineering at Telkom University (D/H STT Telkom) Bandung, Indonesia since 1993. The 

teaching materials include wireless sensor networks, data and protocol networks, broadband 

networks, and the Internet of Things in the master's field of study, while in the undergraduate 

field of study, they include traffic engineering, future networks, and seminar proposals. The 

research being conducted focuses on the development of a hemoglobin-measuring device using 

an Internet of Things (IoT)- based machine learning approach, in partnership with Hasan 

Sadikin Hospital. He has served in universities since 1998 as Head of Academic Administration 

(formerly STT Telkom) and Head of the Telecommunication Engineering Study Program in 

2005-2006, and as Vice Chancellor for Academic Affairs in 2006-2010. Since 2018, he has 

served as an assessor for FTE lecturer certification. He is currently a senior lecturer in the 

Network Cyber Management (NCM) expertise group. He can be contacted at email: 

rendymunadi@telkomuniversity.ac.id. 

  

 

Dr. Sofia Naning Hertiana, S.T., M.T.     is a lecturer and researcher at Telkom 

University, Indonesia, with extensive expertise in telecommunications, service quality, and 

technology adoption. Her research primarily focuses on customer satisfaction in the 

telecommunications industry, the adoption of e-government services, and user acceptance of 

mobile payment systems. Among her notable works is a study analyzing the effect of service 

quality on customer satisfaction in the telecommunication sector, as well as research on factors 

influencing the adoption of e-government services in Indonesia. Additionally, her work on 

mobile payment systems provides valuable insights into consumer behavior in the digital 

economy. Her research has garnered significant academic attention, with her publications being 

widely cited by peers in related fields. Through her dedication to teaching and research, she 

continues to contribute to the advancement of knowledge in telecommunications and the 

adoption of digital technologies. She can be contacted at email: 

sofiananing@telkomuniversity.ac.id. 

  

 

Dr. Alfin Hikmaturokhman     received his bachelor’s degree in electrical 

engineering from the University of Gadjah Mada (UGM), Yogyakarta, Indonesia, in 2002, his 

master’s degree in electrical engineering from Telkom University (Tel-U), Bandung, 

Indonesia, in 2011, and his doctoral degree from the University of Indonesia (UI) in 2022. He 

has published many journal papers and conference proceedings. He is currently a lecturer at 

Telkom University in Purwokerto, Indonesia. His research interests are in mobile and wireless 

communication technology, encompassing both technical research and regulatory policy 

management. He has been a reviewer for international journals and conferences (IEEE 

ACCESS, IEEE Comnetsat, IEEE Cybernetics, and others). He can be contacted at email: 

alfinh@telkomuniversity.ac.id. 

 

 

https://orcid.org/0000-0003-3991-1787
https://scholar.google.com/citations?hl=id&user=iWFJyYUAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=35810906800
https://orcid.org/0009-0001-2303-5754
https://scholar.google.com/citations?hl=id&user=FAQ0vpYAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=24733805200
https://orcid.org/0000-0001-7643-9149
https://www.scopus.com/authid/detail.uri?authorId=57194239039
https://scholar.google.co.id/citations?user=Ev1xu0MAAAAJ&hl=id

