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Abstract

5@, the fifth-generation mobile network, represents a groundbreaking global wireless

standard succeeding 1G, 2G, 3G, and 4G networks. This innovative network paradigm
aims to connect not only people but also machines, objects, and devices, transcending
conventional boundaries. The advanced features of 5G are truly remarkable, offering
higher multi-Gbps peak data speeds, ultra-low latency, improved reliability, massive net-
work capacity, increased availability, and a more consistent user experience. By deliver-
ing superior performance and efficiency, 5G opens doors to novel user experiences and
facilitates seamless connectivity across diverse industries. The extensive implementation
and utilization of 5G networks bring forth several challenges related to energy consump-
tion that affect both User Equipment (UE) and Base Stations (BSs). While 5G offers the
promise of faster data speeds, reduced latency, and improved connectivity, it also presents
significant hurdles in terms of energy efficiency.
One primary challenge stems from the design of 5G devices, which are engineered to
maintain a continuous connection with the network, even when not actively transmit-
ting data. This “always-on” nature results in increased energy consumption compared to
earlier network generations like 4G, where devices could frequently enter sleep mode.
Consequently, the higher speeds and reduced latency of 5G tend to encourage users to
consume more data, leading to greater energy requirements for data transmission and re-
ception. Moreover, many 5G devices are equipped with multiple antennas and employ
MIMO (Multiple-Input, Multiple-Output) technology to enable faster data rates. These
advanced antenna systems consume more power, especially when operating at high fre-
quencies.

The denser network of base stations required by 5G, due to its shorter coverage range at
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higher frequencies, contributes to elevated energy consumption through their construction
and operation. 5G base stations often utilize beamforming technology to direct signals
toward specific users, improving spectral efficiency. However, this technology demands
more power for steering and maintaining these focused signal beams. Furthermore, the
deployment of small cells in urban areas, vital for achieving 5G’s promised capacity and
coverage, exacerbates the energy consumption challenge as they require a constant power
supply for operation and backhaul connectivity.

Addressing these energy-related issues is critical for the sustainable deployment of 5G
networks. Ongoing research and development efforts aim to enhance the energy efficiency
of both devices and network infrastructure. These initiatives encompass the development
of low-power modes for UE devices, the creation of more efficient base station hardware,
and the exploration of renewable energy sources to power network infrastructure. All of
these endeavors are geared toward mitigating the drawbacks associated with the high en-
ergy consumption of 5G networks.

To achieve energy efficiency in UE and BSs, several strategies can be employed. One
effective approach to reduce energy consumption in the UE is the implementation of the
Discontinuous Reception (DRX) mechanism. This technology enables UEs to periodi-
cally enter a sleep mode, reducing power consumption by minimizing network commu-
nication when there is no data to transmit or receive. Similarly, for energy-saving in BS
few techniques can be employed. BSs can adopt energy-saving strategies by intelligently
powering down or reducing their operations during periods of low network traffic. This
optimization ensures energy efficiency while maintaining coverage when necessary. Ad-
ditionally, optimizing cell placement and load balancing helps ensure fewer base stations
are active during periods of low demand, thereby reducing overall energy consumption.
Dynamically adjusting the power output of base station components, such as amplifiers
and radios, in response to traffic load requirements further enhances efficiency. To reduce
dependence on conventional energy grids, incorporating renewable energy sources like
solar panels and wind turbines into base station power sources is a sustainable approach.
When these strategies are effectively implemented, they collectively lead to substantial
reductions in energy consumption for both UE and BSs.

As energy saving in UE is one of the important issues for limited sources of power in

the device. Initially, two stochastic models, namely the Markov model and semi-Markov
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model, for the UE based on the states of DRX mechanism, i.e., a power-saving method
in mobile communication networks are created. Explicit expressions are derived for tran-
sient and steady-state system size probabilities for the Markov model. For the semi-
Markov model, steady-state probabilities are computed. Further, the performance mea-
sures such as mean and variance are computed for both models. Using these models,
based on the states of DRX mechanism, energy saving in the UE is calculated. Finally,
sensitivity analysis is performed in which the results obtained are compared for both mod-
els.

With the increasing prevalence of wireless sensor networks, the uninterrupted operation
of these networks becomes essential. To ensure continuous functionality, wireless net-
works rely on available BSs. However, the persistent operation of base stations comes
at the cost of substantial energy consumption. Consequently, given the surge in wire-
less network traffic and the necessity for uninterrupted base station availability, energy
efficiency within the base station becomes a concerning issue. To address this, a semi-
Markov model to depict the availability of the base station, with states corresponding to
the failures of its components (baseband unit, remote unit, and software module) is mod-
elled. The analysis yields a steady-state solution, with reward rates assigned to each state
based on the energy consumption of individual base station components. This approach
enables the determination of the expected energy consumption within this model. Addi-
tionally, the base station’s throughput is assessed using an M/G/1 queueing model with
server breakdown.

Further, various models for energy analysis in the base station are developed using sleep
strategy of the base station. A sleep strategy with several sleep mode (SM) levels for
energy-efficient 5G BS is proposed to reduce energy consumption in the base station.
Energy consumption and Quality of Service (QoS) management are paired as a result of
awakening sleeping BSs. Advanced Sleep Modes (ASMs) are one of the efficient tech-
niques for energy saving in the base station. They gradually deactivate BS components to
save energy. Based on component transition times (deactivation and activation), different
SM levels could be considered. Then, a Q-learning based approach for ASMs is proposed
to present an optimal tradeoff between energy consumption and QoS.

Further, based on the arrival and user requests (URs) to the system, three stochastic mod-

els for ASM are presented, namely the Markov model, the semi-Markov model, and the
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Markov regenerative process model. Closed-form solutions are obtained for steady-state
system size probabilities for all the models. Further, the performance measures such as
power consumption, power saving factor, and throughput are computed for all the models.
Finally, sensitivity analysis is presented in which the results obtained are compared for
models.

BSs utilize diverse frequency bands to furnish coverage, capacity and adapt to varying
communication demands. The selection of a specific frequency band can influence net-
work performance, data rates, coverage scope, and signal propagation attributes. By opt-
ing for this particular frequency band, there is an associated energy consumption by the
base station. Analysing this, the stochastic models for the base station, namely Markov
model and semi-Markov model which involves the selection of the frequency bands ac-
cording to the system’s traffic are introduced. The closed-form solutions for the steady-
state system size probabilities for these models are derived. Then, a sensitivity analysis
to evaluate power consumption across various scenarios is conducted. Moreover, a com-
parison between the analytical findings and the simulation outcomes pertaining to the
power consumption within the system is provided. This comparison illustrates that the

methodologies yield convergent results, underscoring a substantial level of agreement.
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