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Abstract

Currently, 5th generation (5G) is being commercially deployed and expanded, and
several discussions exist beyond 5G. The main pillars of 5G services are enhanced
mobile broadband (eMBB), massive machine-type communication (mMTC), and
ultra-reliable and low-latency communication (URLLC). These features enable its
applications for various purposes and scenarios, such as 4 K videos, smart cities, and
self-driving cars. These technologies allow users to enjoy convenient experience. In
addition, 5G and beyond 5G is garnering attention and expectations owing to new
services and innovative technologies. However, there are still several complaints
about smartphones in current cellular network services. One of the significant
challenges 1in next-generation communication 1is actively resolving the
dissatisfaction among existing users. Among them, dissatisfaction with battery life
i1s particularly high, and in the results of “The survey on smartphone satisfaction
and dissatisfaction” (Media Marketing Data labo, 2015), over 70% of the users
responded that "long-lasting batteries" was the feature they desired in future
smartphones. In addition, a survey conducted in 2021 showed that approximately
30% of users felt that their batteries run down quickly after about six months of
purchase (Mobile Market, Smartphone Fatigue Survey Questionnaire, 2021).

This result indicates that battery depletion has remained a problem in both the past
and present. From the user's perspective, the battery life is important for 5G and
beyond. As its use cases expand, we will see improvements in functionality and
performance.

As mobile communication becomes more closely connected to our daily lives, the
importance of the battery life of smartphones is likely to become crucial. Therefore,
this thesis titled “Study on Virtual Energy Borrowing Scheme Using D2D

Communication in 5G Cellular Systems” proposes a low-energy consumption



communication with Device-to-Device (D2D) communication for 5G and beyond 5G

systems.

In this thesis, we attempt to improve user satisfaction for battery performance by

using D2D communication to achieve low-power consumption.

Accordingly, Chapter 2 introduces the basics of D2D communication, such as
protocols and communication schemes. Previous research has proposed D2D
communication based on 3GPP specifications for cellular communication and Wi-Fi
for D2D (Wi-Fi Direct, IEEE 802.11). We studied essential D2D communication by
extending and combining the 3GPP communication model and the Wi-Fi
communication method. In this chapter, we introduce the cooperative communication

model and the basic mechanism combining cellular communication and D2D.

Chapter 3 presents an energy borrowing (EB) transmission scheme that is used to
conserve the battery life of a UE, such as a mobile phone. EB is based on D2D
communication and cellular networks, particularly out-band D2D and 5G networks.
This study proposes an energy-borrowing transmission scheme using D2D
communication over Wi-Fi direct that borrows and lends energy among cooperating
UEs. This process extends the service operating time of the UEs with a small battery
reserve. EB performance was examined via measurements and simulations. In
addition, the energy consumption and data acquisition rates were measured using
the LTE and D2D links. Their relationship was clarified according to the
communication quality. Similarly, we analyzed the volume of data received during
communication for each quality level of LTE and D2D from various perspectives, such
as energy consumption, battery life, and battery depletion time. Furthermore,
simulations based on these experimental results verified the increase in the service
operating time provided by the EB scheme. In our performance evaluation, we
verified that EB can extend the battery operation time longer than LTE without EB

1n a train cabin.
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In Chapter 4, we propose an EB transmission scheme that further extends the scheme
in the previous chapter, to consider the power burden and fairness of UEs that lend
their own battery resources. The proposed system in Chapter 3 does not consider the
fairness and burden of the lenders, and it is essential to focus on lenders, to improve
the efficiency of the system. We propose a scheme with high fairness that reduces the
burden on the UEs that lend their own battery resources compared to the existing
scheme. This scheme selects the best UE from the neighboring UEs to avoid a heavy
burden on the UEs that lease power. When the borrowing UE has multiple candidates
for the lending UEs, the borrowing UE selects the most suitable UE by considering
the remaining battery power of the other UE and parameters, such as the
communication status of D2D and 5G. In this study, we measured the power
consumption of the UE on the lending and borrowing sides, then simulated and

evaluated the performance using the actual measurement results.

In Chapter 5, we conclude the paper and suggest possible future research directions.
In this study, we proposed the concept of borrowing battery resources via
communication and designed a scheme accordingly. In the future, various
developments are expected, including a scheme that considers user behavior and an
analysis of overall cellular system performance. In this chapter, we introduce these

expectations for the future of this research.
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Chapter 1
Introduction

Recently, 5th generation (5G) cellular system services underlined by 3GPP standardizations
are being launched successively, and the future of mobile communications is expected to
expand beyond the 4th generation (4G) era. The main pillars of 5G services are enhanced
mobile broadband (eMBB), and massive machine-type communication (mMTC), including
ultra-reliable and low-latency communication (URLLC). These features enable its application
for various purposes and scenarios, such as 4 K videos, smart cities, and self-driving cars [1].
Simultaneously, the volume of global mobile data traffic is expected to continue to increase,
reaching 607 EB/month in 2025 and 5016 EB/month in 2030 [2]. Furthermore, additional
targets have been set for beyond 5G (B5G). Specifically, Japan's Ministry of Internal Affairs
and Communications' Beyond 5G strategy targeted a 10 times higher eMBB data rate, 1/10th
of the delay latency compared with 5G, including other improvements [3].

A major challenge in next-generation communication is to actively resolve the points of
dissatisfaction among existing users. Several complaints about smartphones remain. Among
them, the dissatisfaction with battery life is particularly high, and in the results of the survey
[4], over 70% of the users responded that "long-lasting batteries" was the feature they desired
in future smartphones. Battery life is one of the most common user complaints. In that survey,
61.6% confirmed a high degree of concern when responding to the questionnaire of "fear of
the smartphone battery running out when going out, i.e., leaving their homes,” as
demonstrated by [4].

In addition, a survey conducted in 2021 demonstrated that 30% of users who had purchased
the product for approximately six months, and approximately 49% of users who had
purchased the product for approximately two years felt that their batteries were running low
quickly [5]. These results indicate that battery life is easily perceived as unsatisfactory by
users and is considered an important factor when using a smartphone.

From the user's perspective, improved battery life is expected for 5G and B5G. In addition,

use cases will expand, and enhanced functionality and performance will be observed. Issues
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closely related to user dissatisfaction with battery life, as described here, can be critical in
present and future mobile communications. To contribute to the solution of these problems,
this study proposes the concept of the energy borrowing transmission scheme based on
device-to-device (D2D) communication.

In the energy-lending method proposed in this thesis, the battery, with its extended life, does
not communicate directly with the base station; rather, it adopts D2D to access a neighboring
terminal that communicates with the base station. Consequently, the energy consumption
triggered by communication is limited; hence, the operational time of the device's battery can
be extended. This method virtually uses the energy/battery resources of neighboring devices.
Therefore, the scheme presented in this research is called the energy-borrowing (EB)
transmission scheme.”

The objective of this research is to solve the problem of battery life of user equipment (UE),
in which users are likely to be dissatisfied, and to contribute to an increase in satisfaction
when using a smartphone. In addition, D2D communication technology has been actively
studied to expand coverage areas and address disaster situations. This research applies D2D
technology to reduce the battery problem and proposes a power borrowing and lending
method as an approach to address the battery life issue, which has been a problem for some

time.

The main contribution of this paper is to design and propose an energy-borrowing
transmission scheme based on D2D communication. The research on D2D communication
has often focused on issues such as coverage. The concept of using communications to
virtually borrow power has not been previously considered, and there is no precedent for
previous research on such a system. Therefore, this study defines and proposes a novel
concept of using D2D to virtually borrow power from other terminals over communication,
and designs a system based on this definition. Based on this scheme, we approach the

problem of battery life, which is one of the most common complaints of several users.



1.1 Research Background

D2D communication has been extensively discussed and researched. Various improvements
in the performance index parameters have been discussed in previous studies, such as
coverage enhancement in [6], throughput improvement in [7-8], spectrum efficiency in [9-10],
and energy efficiency in [11][12]. Similarly, the 3GPP released 12 has standardized the
technical specifications of the Proximity Service (ProSe), which discovers nearby user devices
on an LTE network and direct communication between devices [13], [14].

Moreover, D2D is expected to function as a means of communication when a base station or
conventional network becomes unusable during disasters, owing to the inability of the devices
to function without the use of a base station or core network. Research on communication
using D2D as a form of information infrastructure during disasters is garnering increasing
attention [15-17].

As stated above, D2D communication has various applications and is expected to affect
energy efficiency. In [18] and [19], the D2D protocol was designed for a scenario involving a
cluster using Wi-Fi Direct. Reference [20] implements and demonstrated multi-hop
communication using Wi-Fi. Reference [21] compares the energy efficiency when using Wi-Fi
and LTE for video streaming. In addition, this study validates the energy efficiency and
throughput of D2D. Similarly, various studies have been conducted on active communication
methods for out-band D2D using Wi-Fi [22-24]. In addition, various studies have been
conducted to increase energy efficient via access control, channel allocation control, and relay
selection methods [24-27].

Hence, various aspects of D2D communications are being considered to improve coverage,
throughput, frequency efficiency, and energy efficiency. D2D communication is also expected
to be used by 3GPP because standardization technology for the ProSe function has been
defined by 3GPP Release 12. However, because there is no research that focuses on battery
life using D2D technology, we decided to study a communication method for the purpose of

battery life, which is a common complaint of users.



Therefore, because D2D communication is attracting attention and is expected to have high
power efficiency, this research approach is based on the idea that battery life can be extended

by making good use of D2D communication technology.

1.2 Challenges and Motivations

As mentioned earlier in the introduction of previous studies, the objectives of the D2D
research field have conventionally been to increase communication distance, coverage area,
and data rate. In addition, much research has been conducted on the power efficiency in the
D2D field. However, the main purpose of these studies was to improve the overall system-
wide power efficiency or even the power efficiency of individual devices. Therefore, these
studies do not focus on improving the user experience from the user’s perspective. However,
this paper proposes a method to extend battery life by virtually borrowing power from nearby
users, although communication with the base station is possible only when the battery is
insufficient from the user’s perspective.

In the D2D communications field, D2D focuses on improving coverage, throughput, frequency
efficiency, and energy efficiency. However, there have been studies on power efficiency in this
area, yet no research has focused on borrowing power from other terminals. In addition,
various novel efforts are underway to address this issue at the market level. For example,
Samsung's Galaxy S10, released in 2019, added a feature called wireless power sharing [28].
This feature is a power supply function that uses wireless power transmission technology to
physically supply power to other devices by placing the other device (or peripheral) on the
smartphone.

Although various efforts have been made at the product level to incorporate high-capacity
batteries, adopt power-saving modes, and wirelessly share power among mobile terminals
via contactless power transfer, there remains no prior research on the concept of using
communication to virtually borrow battery resources from other terminals. Therefore, one of
the motivations of this research is to provide a novel communication method based on this
concept. Therefore, this thesis proposes a communication scheme based on D2D

communication using Wi-Fi Direct IEEE 802.11).
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The second motivation is the fairness of the scheme. After studying the basic communication
scheme, it was necessary to improve the system of this method from the perspective of
fairness. Borrowing power from another terminal implies that the lender's battery is lent to
the other terminal, and thus the battery runs down faster. Therefore, we examined a model
that considers the fairness of this system and the power burden on the terminal on the side
of the battery resource lender. The advantage of this extension is that the system model
accounts for the burden on the lending terminal’s battery resources; hence, the lender can
control the decrease in the battery power. By ensuring fairness, it is possible to prevent
phenomena such as the battery running down faster, only for certain terminals. Accordingly,
it contributes to ensuring fairness in the system.

The challenges and motivation of this paper are summarized as follows;

e To address the recent major issue of battery life for individual users, this study
proposes a novel concept and method of virtual leasing of battery resources through
D2D communication.

e Conventionally, prior studies on D2D communication have focused on power efficiency.
The authors have also considered the power consumption of the entire system. This
has also been discussed in terms of how to save power in D2D communications.
However, no concept focuses on individual user satisfaction and uses D2D
communication to lease the battery resources of other devices to virtual adversaries.

e This study focuses on individual user satisfaction, creates a concept of borrowing
battery resources from other terminals using D2D communication, and proposes a
communication scheme.

e In addition, this research is based on the novel idea of using D2D communication to
prolong battery life, rather than power saving in D2D communication.

e This research has the potential to resolve user dissatisfaction with the battery
running time of a smartphone.

e The effectiveness of the proposed method was verified. Specifically, we conducted
experiments and analyses to clarify the power consumption of LTE and D2D. In the

simulation, the experimental results are adopted to evaluate the results based on a



specific use case of how many minutes a user can use a smartphone in a real
environment.
e As described above, the approach that focuses on individual user satisfaction via the

virtual lending of battery resources by D2D is unique and novel.

1.3 Contributions

The main contributions of this thesis can be described in the following two points: one is a
study on the proposed energy-borrowing transmission scheme based on D2D communication,
and the other is a study on a more extended version of the proposed scheme.

In Chapter 3, we conduct a basic study of the energy-borrowing transmission scheme based
on D2D communication. This paper presents a basic study of the scheme and introduces a
method that enables the extension of battery life by applying D2D communication to cellular
systems.

The main contributions of this chapter can be summarized as follows.

e A basic concept is proposed to borrow battery resources virtually from other
terminals using D2D communication techniques.

e Incorporate D2D communication using Wi-Fi Direct into cellular systems, and
design a basic protocol for power borrowing and lending schemes.

e The difference in power consumption by the reception strength level between LTE
and D2D is clarified via experiments using actual equipment.

e The experimental results verify that D2D communication technique consumes less
power than LTE.

e Because the experiments were conducted not only in the laboratory, further
experiments were conducted in multiple outdoor areas to confirm that D2D has
lower power consumption than LTE in multiple typical environments. Hence, it is
verified that the proposed scheme is effective in multiple environments and
scenarios, and not just in a single scenario.

e Simulation analysis using experimental results confirmed that the proposed

method is capable of extending battery life.
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In Chapter 4, we study the power burden on the lending terminal and fairness of the proposed
scheme by setting an upper limit for power lending to the scheme proposed in Chapter 3. In
this study, we set an upper limit on how much power a terminal on the lending side is allowed
to lend per day, including an upper limit on how much power it is allowed to lend in a single
session. We considered a method that incorporates an upper limit. This would avoid a
situation in which only certain terminals that lend power and the battery are discharged. In
addition, the upper limit makes it possible for multiple terminals to lend power in small
amounts, thereby ensuring the fairness of the scheme. In addition, in previous schemes, both
the parties borrowing and lending power had to be determined by multiple factors, such as
the remaining battery capacity and the quality of communication with the base station,
before initiating communication. However, redundancy was eliminated, and a more efficient
scheme was designed.

The main contributions on this chapter of the thesis can be summarized as follows.

e The method is extended by considering the power burden on the terminal to which
battery resources are lent by setting an upper limit on the amount of lending power.

¢ The burden on the lending terminal’s battery resources was controlled by
introducing two limits to the system: the maximum amount of power to be lent per
day and the maximum amount of power to be lent per session.

e The aforementioned upper limit makes it possible for multiple terminals to lend a
small amount of power, thereby extending the method to ensure fairness.

e Here, we eliminated the redundancy of the method proposed in Chapter 3 and
improved the efficiency of determining the borrower, which is a terminal with a low
battery.

e Experiments using actual equipment demonstrated the power consumption of both
the borrower and the lender. The burden on the borrower is also clarified by
comparing the borrowing side to normal communication.

e The simulation evaluation using the experimental results confirmed that the upper

limit is a method that considers fairness.



e Similarly, we analyzed the burden on the lender and battery running time of the

borrower by setting an upper limit through simulation evaluation.

1.4 Thesis Structure

The remainder of this thesis is organized as follows. Chapter 2 describes D2D communication
as the foundation of the proposed method and provides a comprehensive context for the
proposed method. In Chapter 3, the proposed method using D2D communication “Energy
borrowing transmission scheme” is explained. Experimental and simulation results are
discussed to verify the effectiveness of the proposed method. In Chapter 4, we propose an
extension of previous work by setting an upper limit on the amount of energy that can be lent
out, thereby considering fairness. The experimental and simulation results demonstrated the
effectiveness of the proposed scheme. In Chapter 5, we conclude the paper and suggest

possible future research directions.



Chapter 2
Fundamentals of D2D Communication

2.1 Introduction

D2D communications have been studied for years. The objective of this study is to
extend the battery operating time of mobile terminals using D2D communication.
Therefore, in this chapter, we introduce the basic technologies of D2D
communication. First, an overview of mobile ad hoc networks (MANET) and their
mechanisms, which are the basis of D2D communication, is introduced.
Subsequently, typical protocols for MANET are explained. This knowledge was
provided by [29][30].

Next, the protocols of previous studies, which form the basis for the communication
protocol design of this study [18][19], are introduced. This study proposed a protocol

for combining Wi-Fi direct and LTE communications.

2.2 MANET Routing Protocol

Research on D2D communication has been ongoing for years. D2D communication is
a communication method in which terminals communicate directly with each other,
and the MANET working group (WG) of the Internet Engineering Task Force IETF)
has been working on the development of a multi-terminal D2D communication
system; in addition, the standardization of hop radio communication has been under
discussion since 1997.

In a MANET, the communication is solely achieved by nodes (devices). It does not
require wireless LAN access points or mobile network base stations. Therefore,
communication is not affected by location or environment, and communication is
achieved by building a network among the nodes gathered at that location. Nodes

search for communication partners and communicate directly with one another.
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The features of MANET are summarized as follows:
e Nodes are user’s terminals (devices).
e Nodes are movable.
e Nodes configure a temporary, ad hoc network and communicate with each
other.
e The network is solely comprises nodes, without requiring wired or mobile base
stations or access points.

e The network topology may change frequently owing to node movement.

Next, communication methods and MANET types are presented. Figure 2-1
illustrates single-hop communication. Because the source and destination nodes are
in close proximity and radio waves can reach them, direct communication is achieved,
thereby allowing these terminals to communicate directly. This communication
scheme 1s known as single-hop communication. However, in Figure 2-2, the source
and destination nodes are far apart, and radio waves cannot reach them; hence, direct
communication is impossible. Therefore, packets are passed to neighboring nodes and
relayed by relay nodes. This communication method i1s known as multi-hop
communication. By adopting multi-hop communication, devices can communicate
with distant terminals that cannot be directly reached by radio waves. In Figure 2-2,
only one relay node exists; however, there may be multiple terminals. The mechanism
for forwarding packets and communicating in this manner is called routing, and

routing protocols are being actively studied in the ad hoc networking field.
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Figure 2-2 Multi-hop communication
MANET are expected to play an active role in various applications, including
disasters, sensor networks in factories, agriculture, and warehouses. Some of these

applications are listed below.

(1) Applications during disasters.

e Search, rescue, emergency reporting, and evacuation guidance by police and
fire departments in the event of a large-scale earthquake, fire, tsunami, or
typhoon

e In addition, collection of disaster information, support for recovery efforts,

safety confirmation, and information exchange among disaster victims
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(2) Mobile Networks and Wireless LAN-based multi-hop services
e Information transmission and management in factories, product warehouses,
construction sites, agriculture, etc.
e Advertisement distribution and navigation in shopping centers, theme parks,
event venues, and stadiums
e C(Crime prevention, disaster prevention, and environmental monitoring using

sensor networks

Figure 2-3 presents the classification of routing protocols for MANETSs. Topology-
based routing protocols can be broadly divided into three types: proactive, reactive,
and hybrid protocols. Location-based types also exist.

In the proactive type, each node periodically exchanges information about routes with
other nodes in the background to create and maintain a routing table, even when no
communication request is generated. A typical example is the OLSR.

In the reactive type, the communication route is constructed after a communication
request 1s generated. The reactive type builds a communication path after a
communication request is generated and maintains that information for a certain
period. Although there is a delay between the occurrence of a communication request
and the start of communication, when there are few communication requests, the
control overhead is small, and power consumption can be minimized. A typical

example of the reactive type is DSR.

Based on the location information (LAR etc.)
Routing protocol

Based on the topology Proactive (OLSR etc.)

Reactive (DSR etc.)

Hybrid (DECENTRA etc.)

Figure 2-3 Classification pf MANET routing protocol
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2.2.1 DSR Protocol

The dynamic source routing (DSR) protocol, a reactive-type protocol, is one of the
protocols proposed by the IETF MANET WG. Therefore, a route search was
performed after a communication request was generated. The node sending the
packet specifies the overall route, and the relay node sends the packet to the endpoint
according to that route. Because a route is created after a communication request
occurs, there is a delay; however, this limitation is compensated for by storing the
route as a route cache. In DSR, a terminal with a communication request broadcasts
a route-request packet to the surrounding terminals. When the surrounding
terminals receive a packet, they first check it. If it does not know the destination, it
adds its own terminal information to the routing information in the packet and sends
it to surrounding terminals. However, if the routing information in the route request
packet contains the terminal's own terminal information, the packet is discarded to

improve the efficiency.

2.2.2 OSLR Protocol

The Optimized Link State Routing (OLSR) protocol is a proactive routing protocol.
Instead of constructing a route after a communication request, a route table is created
in advance. Each node periodically communicates with the other nodes and exchanges
routing information to create a routing table.

Information propagation in which a node broadcasts its own routing information to
other nodes is called flooding. The proactive routing protocol has the advantage of
short latency, although it has an overhead owing to periodic communication.

When every node sends information to all its neighbors, the amount of traffic
increases. Therefore, the OSLR protocol is characterized by the use of a multipoint
relay (MRPs) protocol for more efficient flooding. The nodes maintain information up
to two hops ahead through the periodic exchange of routing information. The MRP

set 1s then determined based on this information. This set is the minimum number of
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neighbors that can forward packets to the node two hops ahead; only the nodes in this
set can send information, thereby avoiding the duplication of information

transmission and reducing the amount of traffic.

2.3 D2D Protocol in Cellular Networks

This section presents the basic concepts and representative protocols of D2D
communication; however, these are theoretical models. From this perspective, we
introduce previous studies based on real systems.

[18][19] proposed a D2D communication scheme that combined cellular
communication and Wi-Fi. The scheme proposed in this study enables D2D
communication using Wi-Fi in cellular communication by extending the protocols of
existing systems. The proposed method is designed based on the protocols and
architecture of existing systems and is an excellent study that focuses on practicality.
Wi-Fi is currently used in many devices and is expected to be used in actual

applications. Figure 2-4 shows the schematic of the system concept.

WiFi connection .+ - - .
Cellular connection ——

AN

1“:‘ Cluster

Figure 2-4 A D2D architecture for boosting LTFE cell performance using infrastructure-less Wi-Fi between
mobile devices [18]

14



The right-hand side of the figure shows the scheme proposed in a previous study.
As shown in the illustration, UEs form clusters using Wi-Fi. A UE was selected as
a representative of the cluster (group owner: GO) and communicated with the base
station. The GO aggregates the communication data of the UEs in the cluster
using Wi-Fi, and communicates with the base station using cellular
communication.

Clusters are formed by users who wish to use D2D communication. They are
formed by two types of cluster heads, GOs and clients. The cluster heads were
selected from terminals with the best cellular communication quality. The cluster
head is not fixed but varies depending on the situation. Additionally, D2D
communication by the clusters is performed when the data rate is higher than the

cellular rate because of the use of Wi-Fi by the cluster members.

The following is an introduction to the flow of cluster formation in previous studies.

1. Search and Discovery. A UE wishing to join a group scans the IEEE 802.11
channel for existing groups.

2. Group Ownership Negotiations. The UE is notified of information such as the
intent value, which is a number between 0 and 15, indicating the UE's
willingness to become a GO, and the UE with the highest intent becomes the
GO. In the proposed scheme [18], the UE selects the intent value based on the
LTE channel quality indicator (CQI).

3. Security Setup and IP Address Assignment. The GO initiates a Wi-Fi security
setup using a wireless protected setup (WPS). When the security setup is
complete, an IP address is assigned to the client, according to the DHCP
protocol.

4. Standard Wi-Fi direct procedures were used for the communication. However,

the method in [18] allows the GOs to be changed. Direct Wi-Fi specifications
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do not allow the transfer of group ownership. However, in [21], the GOs can be
changed.
5. A GO change occurs when the eNB detects that another cluster member has a

better cellular channel quality (CQI) than the current GO.

A unique feature of this scheme is that the cluster client sends an LTE ID
notification message containing its own LTE ID to the cluster head (GO). The GO
then broadcasts a Wi-Fi-LTE ID association table containing the LTE and Wi-Fi
Direct IDs of all cluster members. This helps the GO to switch smoothly.
Security 1s also important in D2D communications. In this prior study, security
was ensured as follows:

When a cluster is created, the evolved Node B (eNB) sends a security mode
command to the cluster head for each cluster member. The cluster head sends this
message to members using Wi-Fi. When a member receives the message, it sends
a response to the cluster head. The cluster head then forwards the message to the
eNB. This provides security verification. The cellular network verifies that the
cluster member is correct by performing security verification using the CH.

Prior research also recommends including each member's intent value (average
CQD in the security-mode command. The eNB knows the actual CQI, so each
member can verify the correctness of the values reported by the other members.

If an unusual value 1s detected, the member is ejected.
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Chapter 3
Energy Borrowing Transmission Scheme

employing D2D Communication

3.1 Introduction

In this chapter, we propose an energy borrowing (EB) transmission scheme that is
used to conserve the battery life of user equipment (UE), such as mobile phones. EB
is based on device-to-device (D2D) communication and cellular networks, particularly
out-band D2D (Wi-Fi Direct, IEEE 802.11) and 5G networks. Because D2D offers
higher energy efficiency than cellular networks, in this scheme, a UE with low-
remaining battery power establishes a D2D connection with a nearby UE, and the
nearby UE transfers the packets of the low remaining battery UE to/from the gNB
(5G-base station). Because the nearby UE plays an active role in the connection of
the low-remaining battery UE with the gNB, the low-remaining battery UE virtually
borrows the battery resource of the nearby UE. This chapter introduces the operation
protocol and procedure followed by EB using Wi-Fi Direct and 5G networks.
Experiments and simulations demonstrate that EB can extend the terminal battery
running time, and is more effective than the existing scheme that uses only the

cellular network.

3.1.1Related Works

In this section, we present research related to this study. As mentioned earlier, D2D
communication has been studied for its various advantages such as coverage
enhancement [31] and throughput improvement [32]. It is also expected to be useful
in various scenarios, such as disasters, agriculture, and improvement. [29] In this

context, this study focuses on improving the power efficiency of D2D communication.
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Previous study [21] has mentioned the power efficiency of D2D communication,
indicating that it is more power efficient and consumes less power than cellular
communication. Inspired by this, they hypothesized that it may be possible to extend
the battery life of mobile terminals by effectively using D2D communication, taking
advantage of the fact that it has lower power than cellular communication.

We also inferred that D2D communication could be used to extend battery life when
users are in trouble because of the low battery power in environments where there
are no recharging facilities, such as when they are out and about. This was the
approach used in this study.

This study was based on the protocol of a previous study [18][19] as a reference. In
this study, D2D communication was performed using WiFi Direct. This is because
the protocol design is based on an actual communication standard and thus has high
expectations for practical use. Another reason is that many terminals currently
support the Wi-Fi standards.

In these studies, Wi-Fi was used to create the D2D clusters. The cluster head
communicates with the base station. The cluster head was chosen to establish the
best cellular quality. Additionally, there were clients in the cluster.

In contrast, because the objective of this research is to maximize the battery life,
several conceptual differences occur: D2D communication is performed only as
necessary, and both D2D and cellular communication are not performed when there
1s no communication request. This reduces the battery power. Moreover, clusters
were not created and one-to-one communication was performed. The energy borrower
terminal selects the terminal with the lowest power consumption for D2D
communication. Thus, the terminal selection criteria for D2D communication are

different.
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3.1.2 Contribution

This study proposes a communication scheme based on a novel concept that adopts

D2D communication to borrow battery resources from surrounding terminals only

when the battery is low. The communication scheme will be designed based on

cellular communication and Wi-Fi Direct, which i1s a widely used communication
standard for smartphones, and thus has high feasibility.

Although existing studies have focused on improving the power efficiency of D2D

communication, the idea of adopting D2D communication to extend battery life is

novel in this research. Another novel idea is considering power consumption and
battery run time based on individual users rather than the power consumption of the
entire system.

In addition, the evaluation was performed via experiments and simulations.

Experiments were conducted using actual smartphones to measure the power

consumption. The simulation is devised to verify the results using the results

obtained from the experiments, such that it is close to the actual environment.

The contributions of this research are summarized as follows:

e We proposed a novel communication method that focuses on users’ individual
satisfaction and virtually borrows battery resources from the surrounding
terminals using D2D communication.

e Via experiments with actual smartphones, we clarified the power consumption
when using D2D communication to virtually borrow battery resources from other
terminals and the power consumption when using cellular communication.

e The experiment was conducted in an anechoic chamber to reproduce multiple
communication environments for both D2D and cellular communications. This
allows us to clarify the power consumption for each reception strength in detail.
In addition, we tested the proposed method in multiple real-world environments
to determine its effectiveness in a typical environment.

e The simulation using the results of the experiment elucidated the effect of the

proposed method on extending the battery life.
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3.2 System Model

3.2.1System Model of the Energy Borrowing Transmission

Scheme in Cellular System

First, this section presents an overview of EB and its usage scenario. Fig. 3-1 shows
an overview of the scheme. UE 1’s remaining battery level is low, its energy
consumption must be reduced to prolong operation. EB instructs UE 1 to send a
request for cooperation to UE 2 using D2D. Upon receiving the request and accepting
it, UE 2 transmits UE 1’s packets to/from gNB (the 5G base station).

In general, D2D transmission consumes less energy than cellular network
communication. By using UE 2, UE 1 can conserve energy and extend its battery
runtime. Moreover, the telecom operator provides UE 2 with an economic incentive
for participating in EB, thus both UE 1 and UE 2 benefit. About the basic idea that
operators will give economic incentive (e.g. providing points) to L-UE users who
cooperate with energy borrowing. This is a reward from the operator for contributing
to user satisfaction and quality improvement. The lender gets incentive and the
borrower improves the quality; therefore, the operator can improve the service and
satisfaction of the users. Users who cooperate in energy borrowing can be identified
by the operator through the core network system.

In this study, UE 1 is called the Energy Borrowing UE (B-UE), whereas UE 2 is called
the Energy Lending UE (L-UE). The procedure and protocol of our scheme, based on
[18] and [19], incorporate D2D communication, designed using Wi-Fi Direct.

In the field of Wi-Fi, much research is being conducted on radio resource management
to reduce interference when there is a high density of users [33], [34], and [35]. In
addition, much research has been conducted on Wi-Fi/LTE-U coexistence. [36].
Furthermore, Wi-Fi6 uses OFDMA (Orthogonal frequency-division multiple access),

which is even more robust to congestion and has improved performance for
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simultaneous mass connections [37]. Therefore, we decided that Wi-Fi is the best
choice for our proposed scheme. Another reason for choosing Wi-Fi is that it is
currently the standard for many electronic devices such as PCs and smartphones.
Several contemporary users have devices that use a hybrid of 5G and LTE and Wi-
Fi. Although there are other methods, such as Bluetooth and Zigbee, we decided that
Wi-Fiis the most suitable among the widely used methods because it can satisfy both

the speed and energy consumption requirements of a smartphone.

3.2.2 Flow of the Energy Borrowing Transmission Scheme in

the Cellular System

The flow of the proposed scheme is explained below, regarding Fig. 3-1 and Fig. 3-2.
shows the sequence diagram for the scheme. In our scheme, L-UE executes EB when

its remaining battery, and its 5G connection are sufficient.

~UE2
‘Energy Lending UE

/ i (L-UE)

56 Base Station 'xl I II
(gNB) UEY
| Energy Borrowing UE
i (B-UE)
D2D

Figure 3-1 Overview of the energy borrowing transmission scheme

1. First, owing to its low remaining battery capacity, UE 1 is required to reduce its
energy consumption, and therefore, it activates the “Energy Borrowing

Transmission” mode. UE 1 sets its connection state to RRC (Radio Resource
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Control) inactive mode for 5G cellular networks [38]. This process enables UE 1
to change into the standby mode on 5G, thus saving energy and battery resources.
(UE1 called B-UE hereafter.)

. If the communication request in the B-UE is received, B-UE activates Wi-Fi for a
nearby cooperating UE using D2D. B-UE then broadcasts a cooperation request.
. UE 2 is a cooperating UE, and therefore, UE 2 (called L-UE hereafter) detects B-
UE.

. B-UE establishes a D2D connection with L-UE using Wi-Fi.

. Finally, L-UE transmits the B-UE’s packets to/from gNB.

B-UE L-UE gNB
Advertising
Detection and ACK
Establish _l )
Connection Establish Connection Declare EfBStartlng
Accepting EB
Send Data
ACK Send B-UE’s
Executing Data
EB
ACK
Notice of Closing EBT
Mode
CIOSi_ng Connection Release
Session
of EB

Figure 3-2. Sequence diagram of EB
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Once B-UE establishes a connection with L-UE, the link is retained, unless the signal
level falls under the threshold (by terminal movement or shielding by movement of
surrounding objects) or if no communication request is received within a fixed period.
If the D2D link is broken but B-UE traffic has not been completely sent, B-UE restarts
the search for a cooperating UE. If B-UE traffic is quiescent with a fixed time, the
search process and Wi-Fi operation is terminated to save energy. B-UE continues in

RRC Inactive Mode, hence B-UE saves energy and battery.

3.2.3 Protocol and Procedure of The Energy Borrowing

Transmission Scheme

Fig. 3-3 shows the procedures as the sequence diagram. In this study, the
communication protocol is designed with reference to prior works [18][19]; it is based
on the LTE system, but the basic concepts and flow remain the same for 5G.

Therefore, it is also expected to be applicable to 5G systems.

1) SEARCH AND DISCOVERY.

B-UE sends a probe request for nearby UEs (active scan). L-UE candidates listen
to social channels (passive scan). When L-UE receives a probe request, it sends the
“Notification of L-UE candidate” response. This notification contains the following
information: (1) Channel Quality Indication (CQI), with a value from 0 to 15; (2)
Battery resource remaining information (%). B-UE obtains states of all L-UE

candidates. In Fig. 3-3, L-UE candidates are UE 2 and 3.

2) CHOOSING L-UE.
B-UE chooses an L-UE from all L-UE candidates. First, prospective devices with
CQI and remaining battery levels lower than the threshold are excluded from

candidates, given they are unsuitable for L-UE. Moreover, B-UE considers the L-UE
with the highest Received Signal Strength Indicator (RSSI) of Wi-Fi. If RSSI with L-
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UE is strong, B-UE can communicate with low energy consumption. We will show the
relationship between RSSI and energy in Section 3.3.

In Fig. 3-3, UE 2 is selected and becomes L-UE. Next, B-UE sends “Decision L-UE
information” to all the L-UE candidates. All the L-UE candidates receive the
information and realize which UE was selected as the L-UE amongst all the L-UE

candidates.

3) Wi-Fi SECURITY SETUP.

Security is established between the B-UE and the L-UE. The security of D2D
communication in cellular communication has been studied in detail, including
security structure, functions and requirements. [39][40] On this basis, this research
will use the same method to ensure security as in reference [18][19]. First, for Wi-Fi,
L-UE starts the Wi-Fi security setup with WPS (Wireless Protected Setup). Then,

establish the security of Wi-Fi communication.

4) TP ADDRESS CONFIGURATION (DHCP).
L-UE assigns an IP address to B-UE following the Dynamic Host Configuration
Protocol (DHCP).

5) PREPARING THE 5G SETUP.

B-UE sends L-UE its LTE identity information, which includes its 5G-S-TMSI (5G-
STMSI: 5G SAE-Temporary Mobile Subscriber Identity) and C-RNTI (5G C-RNTI:
Cell Radio Network Temporary Identifier).

6) 5G REGISTRATION.

5G core registers L-UE as a proxy for B-UE, this procedure is followed by the
general attachment procedures clause 4.2 in [41], and the core network structure is
followed and based on [42]. Also, based on the discussion in [18],[19],[39], and [40],
we use the same technique as in [18][19] to secure D2D. The eNB sends a Security

mode command to the L-UE, and the L-UE forwards it to the B-UE via Wi-Fi. The B-
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UE sends the response to the security mode command to the L-UE, which sends it
back to the eNB. This authentication through the L-UE ensures that it is an energy
borrowing pair. This scheme establishes secure communication by using D2D

security techniques from existing research.

7) THE START OF ENERGY BORROWING TRANSMISSION.

B-UE retrieves mobile services from L-UE. However, if the D2D communication
state 1s low, the B-UE stops using Wi-Fi and uses 5G. Thus, no communication
requests are received in B-UE for a period. B-UE disconnects and turns off the Wi-Fi

to save battery while keeping RRC Inactive mode on of 5G.

UE1 UE 2

(B-UE) w-up) || UE3
[ |Probe request listening
i Notification Of L-UE (CH.1,6,11)
. Discovering _ candidate
- and — 2
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— information | i
— | Authentication frequest
Wi-Fi : . s
Security EAPOL KEY (4/4) o
set up __[€ 6‘
g.
5 — | DHCP Discovet hay
IP Address _J : S
 Configuration (DHCP ACK o
o
Preparing 5G identity infofmation oNB 99
for 5G ACK O3
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. ® 0
5G Information| of D2D g
registration >€ 35
o
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Figure 3-3 Procedure for Wi-Fi Direct and 5G in EB
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3.2.4 Flow of B-UE and L.-UE in EB

Herein described is how B-UE and L-UE respectively operate in EB. Fig. 3-4 is a
flowchart of B-UE operation in EB. When EB mode is turned on, 5G communication
1s set to inactive mode. When a communication request occurs, the Wi-Fi is turned
on, and an inquiry is made to a nearby device. If there is a device L-UE that satisfies
conditions RSSI of D2D > Thssi (Orssi), and L-UE’s CQI (Channel Quality Indicator)
with 5G (0cqi) > Theqi, and the battery remaining of L-UE > Thrembat (Brembat),
EB is implemented. RSSI of D2D is used to determine whether B-UE and L-UE can
D2D communicate stably with low energy. The CQI of the L-UE is used to confirm
whether the L-UE can communicate with the gNB stably. L-UE’s Battery remaining
information 1s used to check the battery remaining of L-UE. With these
determinations, the B-UE confirms whether the terminal is optimal for L-UE.
Moreover, if there is a UE that meets all the conditions, B-UE considers the L-UE
with the highest RSSI. If there is no L-UE in the surrounding area, the modem
communicates with the base station. Moreover, if there are no new requests for
communication within a certain period of time, Wi-Fi is turned off, and no searches
are made for nearby devices. Hence, energy consumption is minimized.

In this scheme, the communication quality index for LTE is CQI, and the
communication quality index for D2D is designed as RSSI. In other words, CQI is the
communication quality indicator between L-UE and eNB, and RSSI is the
communication quality indicator of the D2D link between B-UE and L-UE. Therefore,
RSSI and CQI are not related. The quality of the D2D link between L-UE and B-UE
is not affected by the communication quality between L-UE and eNB (CQI). CQI is
only an indicator for selecting the best L-UE. RSSI and CQI are independent
communication quality indicators.

Fig. 3-5 shows the flowchart for L-UE. First, L-UE turns on L-UE mode,
subsequently; it turns on Wi-Fi and waits for the EB request. When L-UE receives
an EB request from B-UE, L-UE confirms the RSSI of D2D > Thyesi (Orss1), and other

conditions; CQI of 5G, and battery remaining. If all conditions are satisfied that
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means CQI > Thegi (Bcq) AND battery remaining > Thyrembat (Orembat) for exciting EB, L-
UE sends the B-UE notification to the L-UE candidate. Hence if an L.-UE is selected
by the B-UE, L-UE starts EB. When L-UE’s CQI, battery remaining, or RSSI is wrong
in the EB, it is stopped because it is not suitable for EB.
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s there L-UE?
(RSSI > Orssi
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Figure 3-4 Flowchart of B-UFE operation in EB.
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Figure 3-5 Flowchart of L-UFE operation in EB.

3.3 Basic Measurement Experiment

This research has two phases: experiments and simulations. First, we measured and
analyzed the power consumption and download speed of D2D and LTE using a
smartphone. And the second, we used the values from the experimental results in
this section to conduct a simulation.Compared to research that conducts only
experiments or only simulations, conducting experiments, and then simulating using

the experimental results can provide a more accurate performance evaluation of the
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proposed scheme. This section will introduce the measurement setup and the

experiment details.

3.3.1 Measurement Set Up

Here, the experiment is performed to confirm the amount of energy consumed during
data downloading, both on the cellular network and D2D. The cellular network used
was LTE (which is the choice of the current mobile system), and as for D2D, Wi-Fi
tethering (personal hotspot) was used with IEEES802.11. Furthermore, a
commercially available smartphone [43] was used as the experiment device, and the
TRYGLE POWER BENCH and the process recorder by TRYGLE [44] were used as
the measuring equipment and program respectively. The experiment was conducted
using LTE-enabled smartphones. This was because the LTE environment was the
only option available at the time of the experiment. However, in terms of the
comparison between cellular and D2D communication, the outcome of the comparison
1s the same, and it can be deduced that there are no problems in the evaluation of the
method.

A measurement terminal was set on the positive terminal of the UE’s battery. The
energy measurement device recorded an electric current (mA) at the measurement
terminal. Additionally, a process recording program was installed in the UE. This
program recorded the general UE processes (e.g., voltage of the battery, data amount
received and sent, CPU utilization, and battery temperature). Therefore, this
experimental tool calculates the energy consumption of UE based on an electric
current and voltage, and we analyzed the relationship of the energy consumption and
data communication on UE. In this experiment, the energy consumption was
measured while receiving large amounts of data. This allowed for the analysis of the
relationship between the energy consumed by the UE during data transfer over LTE
and D2D. Moreover, in order to confirm the trend of energy consumption by the
communication state, multiple signal strengths were measured. We reproduced the

best communication state for LTE and D2D, and from there, we reproduced the
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communication condition approximately. The LTE signal intensity was measured
with Reference Signal Received power (RSRP) of -60dBm, -74dBm, -84dBm, -96dBm,
-105dBm, and -115dBm respectively. In addition, for D2D, a measurement was made
by the RSSI. The signal strengths between the master and slave Wi-Fi tethering units
were -44dBm, -54dBm, -62dBm, -74dBm, and -84dBm. The RSRP between the base
unit and base station during tethering was -62d Bm.

The measurement procedure is detailed below:

1. For preparation, we uploaded a large dataset in an online storage. The dataset
used was a 2.56 GB movie file.
2. The file was uploaded to the online storage while tracking the energy

consumption and all the processes of the smartphone.

Thus, by measuring the various signal strengths, we were able to analyze and
compare the energy consumptions and the amounts of data received for each case.

To measure pure communication energy consumption, we conducted the following
experiment. When measuring LTE, only LTE communication was kept active by
turning off Wi-Fi. For D2D measurements, we turned off LTE and turned on Wi-Fi.
In addition, we stopped all applications running in the background that are irrelevant
to our experiments. All conditions, such as screen brightness, were the same. Then,
we were ready to measure the power consumption of purely communication. In the
case of D2D measurements, the parent and child smartphones were each fixed on a
tripod and separated by a distance to reproduce each RSSI. The D2D parent unit,
which was connected to the LTE eNB, did not move. Therefore, the quality of the
parent unit, RSRP -62dBm, for LTE, was always stable. By moving only the child
unit farther away, the D2D reception strength was weakened. This reproduced each
RSSI. We attached a measurement equipment to the smartphone of the child device,
which was a D2D user, and performed the measurement. In the case of LTE
measurements, we moved the smartphone with the measurement equipment from

outdoors to inside a room and then inside an anechoic chamber to reproduce each
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RSRP. By fixing the smartphone device with measurement equipment on a tripod

and measuring it while the device was stable, we obtained stable data.

Flow of the experiment;

0 s' Start measurement.

60 s: Start downloading. Tap the download button.

90 s! End of download. Tap the Stop Download button.

Tapping the download button started the download, but power consumption owing to
touching the screen became noise. Therefore, the part of the screen that stabilized
after a short time after the tap was the power consumed by pure communication alone.
We considered this part and analyzed the communication speed and power. In other
words, we analyzed the amount of data that could be acquired per unit of power.

Fig. 3-6 shows the energy consumption and download speed in D2D -65dBm. The X-
axis represents time. And the Y-axis represents the energy consumption (current)
and the download speed. Notably, the energy consumption (red line) increased since
the download started at the 30 s mark. We can observe the download speed (blue line)
in the graph. We calculated the amount of data that could be acquired per unit of

power using these measurement results.
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Figure 3-6 Energy consumption and download speed in D2D -62dBm
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3.3.2 Measurement Results

In this section, the experimental results are presented. First, Fig. 3-7 shows the
average energy consumption during data downloading. The Y-axis is the energy
consumption J/Second, and the green bars show the energy consumption of LTE. The
blue bars represent the energy consumption of D2D. It can be seen that all the energy
consumption of D2D is smaller than 3J/Sec. From this figure, it is understood that

energy consumption is lower when using D2D than when using LTE.
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Figure 3-7. Average energy consumption in data downloading on LTE and D2D

Fig. 3-8 depicts the average download speed for both D2D and LTE. The RSRP of the
base unit for D2D Wi-Fi tethering was -62dBm. It was found that D2D levels of -

44dBm, -54dBm, and -62dBm could achieve communication speeds comparable to

LTE at -60dBm, 74dBm, and -84dBm.
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Figure 3-8 Average download speed on LTE and D2D

Fig. 3-91s a diagram summarizing the abovementioned results. The X-axis represents
the average energy consumption, and the Y-axis represents the average download
speed. From this graph, it can be confirmed that the volume of data communication
1s large when the communication state is good for D2D and LTE, respectively, and
the volume of data that can be received becomes smaller with a worse communication
state. Concerning energy consumption, in contrast, it was found that for D2D where
the communication state deteriorates, a less amount of data is obtained and energy
consumption decreases.

Fig. 3-10 shows the energy when downloading 100 MByte (MB) of data using D2D
and LTE. From this result, it i1s understood that the communication is made between
D2D in the range -44dBm to -74dBm; therefore, communication can be achieved at
lower energy consumption when using LTE. The reason is that when Wi-Fi tethering

1s in the range of 44dBm to -74dBm, the download speed is fast, and the energy
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consumption is low, thus the total energy consumption is low. However, in the case
of D2D at -84dBm, it can be seen that the energy consumption exceeds that of LTE.
This can be attributed to the fact that although energy consumption per second is low,
the amount of data that can be downloaded is also low and takes more time, resulting
in high energy consumption. It can therefore be confirmed that when communicating
using a weak D2D signal strength in a poor reception environment, the energy

consumption may be higher than that of LTE.

Download speed and energy consumption
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Figure 3-9 Relation for download speed and energy consumption in LTE and D2D
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Figure 3-10 The energy when downloading 100 MB of data using D2D and LTE

Fig. 3-11 shows the results of calculating battery operating times when 100 MB is
downloaded once every 30 s, when the remaining battery level of the mobile device is
10%. From these results, it can be confirmed that there is a tendency for the battery
operating time to be shortened for both LTE and D2D when the reception strength
becomes weak, and the communication environment deteriorates. The shortest
operating time 1s 8.9 min at LTE -115dBm and the longest operating time is 40.5 min
at D2D -44dBm. Subsequently, we confirmed that D2D can extend the battery up to
4.6 times, and the extension time is 31.6 min. Excluding D2D -84dBm, the use of D2D
1s expected to have a certain effect on battery life. From the result, the Thrssr of D2D
discussed in Section 3.2.4 can be set to -74dBm as an example in this case.

Figs. 3-7, 3-8, and 3-9 show the raw data of the experiment, and Fig. 3-10 and 3-11
show the results of the analysis calculated by combining the results of Figs. 3-7, 3-8,
and 3-9. Fig. 3-7 indicates that -96dBm in LTE consumes less energy than other
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RSSIs. However, in Fig. 3-8, we can observe that the download speed of -96dBm is
slower and almost the same as -115dBm. This can be explained by the LTE control,
which reduced the power consumption at -96 dBm and simultaneously reduced the
download speed. Therefore, in terms of energy consumption, which is the raw data in

Fig. 3-7, -96 dBm appears to consume less energy than the other RSSIs.
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Figure 3-11. Battery operating time until the battery remaining 10% to 0% (download 100MB every 30 s)

However, if we analyze this together with the download speed, we can observe that
the power consumption required to download data is correlated and shows a
consistent trend, as can be noted in Fig. 3-10. The same applies to — -105dBm.
According to Fig. 3-8, the download speed is faster than — -96dBm. However,
according to Fig. 3-10, where we calculated and analyzed the download speed and the
energy consumption together, it can be noted that the energy consumption and the

download speed are correlated and show a consistent trend.
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In addition to the analysis of energy consumption, data communication volumes, and
battery consumption as mentioned, we conducted an experiment to clarify the extent
to which this method can be applied in various environments. For this, the average
reception strength was measured using line-of-sight communications between a Wi-
Fi-tethering base unit and a handset. Fig. 3-9 shows the resulting relationship; it is
expected that a signal strength, RSSI greater than D2D -74 dBm will lead to an
extended battery operation. From Fig. 3-12, it is observed that at a distance of
approximately 50 m, communication cannot be achieved at a signal strength greater
than -74dBm. Therefore, it is expected that this method be used in various

environments, both indoors and outdoors.
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Figure 3-12 Relation of the distance and RSSI of D2D

To confirm the effectiveness of our proposed scheme, we verified the energy required
for setting up D2D communications. We measured the standby energy of D2D, LTE,
and the airplane mode to clarify the energy consumption of the D2D setting up. Fig.
3-13 shows the results of these measurements. We verified that the energy
consumption of LTE is higher than that of D2D and the airplane mode. There was no

consistent trend in LTE energy consumption because LTE had a detailed power
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control. The results of this experiment are only an example for this terminal and

operator. However, by comparing D2D and LTE, it was verified that D2D had very

low energy consumption. Also, the standby energy consumption of D2D and the

airplane mode were almost the same. We noted that the setup energy for D2D was

very low. This result indicated that the energy required for the setup of this scheme

did not have a significant effect on battery consumption.
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Figure 3-13 Average energy consumption in standby state

3.3.3Model of the Energy Consumption

We developed the mathematical model for energy consumption on the proposed

scheme based on the result of the measurement experiment as shown the Fig.3-6 and

the system model as shown the Fig.3-2. The parameters are as below and can be

shown by the equation 1.
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PEB: Probability of execute EB
ECTOT_B-UE: Total energy consumption
BD2D-1dle: Energy consumption of idle of D2D
B5G-i1dle: Energy consumption of idle of 5G

V: Voltage
I: Current
tp2p-end
ECrotaly_yg = Pes IBDzDidle+ { J V (tpap) X I(tnzo)dt]]
tp2p-start

(3.1)
+(1 — Pgp)

tsG-end
Bsc:’am*{ f V (tsg) X f(tsc)dt”

Lsg_start

scheme based on the result of the measurement experiment as shown the Fig.3-6 and
the system model as shown the Fig.3-2. The parameters are as below and can be

shown by the equation 3.1.

3.4 Field Measurement Experiment

The experiments described in the previous sections were conducted in a laboratory
with an anechoic chamber for accuracy. The anechoic chamber was also used to verify
the relationship between power consumption and reception strength.

In addition, we conducted experiments in several real outdoor environments to see if
our scheme was generally effective in multiple scenarios. The experiments were
conducted in five locations. The locations of the experiments are shown in Figure 3-
14. In this way, we confirmed the effectiveness of our scheme in various environments.
The experimental method was the same as described in Section 3.3, measuring the
average power consumption during data download. In the experiment in Section 3.3,

we reproduced the reception strength of the base station and D2D by using an
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anechoic chamber to check the relationship between download speed and reception
strength. It was found that the lower the reception strength, the lower the download
speed and the higher the power consumption. On the other hand, this time we
conducted experiments in several outdoor areas. The environment was different in
each area' a major station in the city center, a university campus, and a residential
area, so the population density and communication traffic were also different.
However, from the results, we can confirm the general effectiveness of the proposed
method regardless of traffic, population density, city center, or residential area.
Figure 3-15 shows the energy consumption J/Second in different areas. It can be seen
that the energy consumption of D2D is lower than that of LTE in all locations. At all
locations, the Wi-Fi RSSI i1s -45 dBm.

Figure 3-16 shows the download speed per second by area. It can be seen that at all
points, the communication speed is almost equal between LTE and D2D, and D2D is
comparable in download speed. Figure 3-18 shows the results calculated by analyzing
the measurement results in Figures 3-16 and 3-17. It shows a comparison of the
power consumption J when 100 MB are acquired by LTE and D2D in different areas.
From this result, it can be confirmed that power consumption is lower when using
D2D in all areas. It was confirmed that D2D consumes less power in various

environments such as residential areas, train stations, and university campuses.
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3.5 Simulation Study

The results and values of the measurement study introduced in above were used to
verify the performance of the proposed scheme. As mentioned, simulations were used
to compare the battery operating time, with and without EB. In this study, we
compare the proposed scheme with the LTE scheme that is in practical use. Therefore,
we have compared the EB with other schemes here. In addition, this comparison is
based on the experimental results obtained in above, and we recognize that the

results are realistic and concrete. And, Matlab is used for the simulation tool.

3.5.1S1mulation Scenario and Parameters

First, the simulation scenario is introduced. In this evaluation, passengers on a train
are considered as an example of an outside environment. The train was chosen as the
scene where smartphones are used on a daily basis. As a result of a survey of 500 men
and women who commute by train, 93.8% of them answered that they use
smartphones.[45] The performance evaluation is executed in a scenario in which
train passengers use EB, and they borrow and lend their battery resources among

each other. A specific simulation scenario is presented below.

1. First, it is assumed that the environment is contained in a single cabin of the
train. In addition, it is assumed that the passenger rate is 50%, and there are
77 passengers, hence 77 UEs. The size of the train has been discussed in [46].
2. Itis assumed that the B-UE users, borrowing energy, make up 10% of the total
77 passengers in the carriage. The B-UE’s remaining battery is 10%. Moreover,
considering the lending, evaluations were made at three rates of the total L-
UEs, 1.e., 10%, 50%, and 90%. The B-UEs download 100 MB of data every 30 s.
In the current scenario (without EB), all UEs only transmit using LTE. In the
scenario with EB, if a B-UE can find an L-UE with D2D, B-UE establishes a
D2D connection, and L-UE transmits B-UE’s packets to/from gNB. If the B-UE
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cannot find any L-UEs, it connects directly to gNB via LTE. Figure 3-19 depicts

the simulation scenario.
We focused on the energy consumption and battery operating time in this research.
The total energy consumption of the B-UE in the EB scenario is shown below;
ECg-ug-ror=ECgBror+ECLTETOT, the total energy consumption of B-UE, ECp-ug-Tor 1s
the sum of the energy consumption ECgpror (total energy consumption of EB) and
ECrrrror (total energy consumption of LTE). Additionally, in the simulation, the
energy consumption value obtained in the experiment described in Section 3.3 is used.
Therefore, when 100 MB is downloaded in a single instance of communication, energy
consumption occurs, as illustrated in Fig. 3-10, decreasing the charge of the B-UE
battery. Moreover, the quality of D2D communication is based on the distance
between B-UE and L-UEs, which is indicated by the data obtained from direct
measurements, as shown in Fig. 3-12. In addition, as confirmed in Figure 3-11, the
energy efficiency at -84 dBm is less than that of LTE. Therefore, in this simulation,
LTE was chosen for communication environments worse than the threshold value of
-74 dBm.
Based on this simulation, the following parameters were evaluated: The average
battery service time with and without EB, the average extension time by EB, and the
extension rate of the battery operating time by EB. We calculated the extended time
based on RTes-RTwLrE, the extended time is the difference between the operating time
with EB RTgp and the operating time without EB RTyrr, which only uses LTE. The
battery extension rate from EB is calculated as follows; the battery extension ratio is
(RTes/RTLre)*100.
Table 3-1 lists the simulation parameters. This table summarizes the simulation
environments and scenarios described above. As shown in Table 3-1, the battery
capacity is 2800 mAh under the same conditions as the experimental smartphone in

our simulation study.
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3.5.2 Simulation Results

The simulation results are shown in Fig. 3-20. The figure shows the service operating
time of UE without the proposed scheme and extended time by the proposed scheme.
The Y- axis represents time in min, and X-axis is the signal strength of LTE, RSRP
(dBm). All the black lines show the UE service operating time without EB. The UE
uses only LTE. Hence, even if there are L-UEs nearby, the UE does not use EB.

Therefore, the same result 1s always obtained.
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Table 3-1 Simulation scenario parameters

P?rametgrs Value or Explanation
scenario)
Vehicle occupancy = 50%
The number of UE (77 UE, that means 77 users)
-60 dBm,
-74 dBm,
LTE quality RSRQ :gg 3%2’
-105 dBm,
-115 dBm
LTE RSRP of the
L-UE 62dBm
B-UE ratio 0
(of all UEs) 10%
L-UE ratio 0
(of all UEs) 10, 50, and 90%
The cabinet size of
train 20 %X 2.85m
Battery capacity 2800 mAh
Data interval 30 s
Downloaded data 100 MB
size
Battery remaining 10 %
0

of L-UE (%)

Table 3-2The battery extension rate

10% L-UE 1n all 50% L-UE in 90% L-UE in all

users all users users
-6%§]Eglm 143.8% 147.6 % 148.5 %
'7&§]E33m 176.5% 180.7 % 182.1 %
'SELE]EBJm 180.3% 184.8 % 186.0 %
-9%§]E3]m 255.3% 263.2 % 264.0 %
-135E%m 283.4% 290.0 % 992.9 %
-11L5r1:1E]]3m 440.2% 450.2% 456.8%
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Figure 3-20 Average service operating time and the extended time by EB (10%~90% L-UE in all UEs)

Accordingly, all the black lines overlap. Without the black lines shown by the
proposed scheme, when the LTE connection state is strong, the UE battery conserves
life. When the connection state is weak, the energy consumption grows, and the UE
consumes more battery. This is shown as the experimental result in Section 3.3. From
the black lines in Fig. 3-20, we can see that the UE operating time without EB is
9.3~28.4 min with each RSRP of LTE. The red line shows the extended time by EB
with 10% L-UE in all UEs, the blue line shows the extended time by EB with 50% L-
UE, and the green line shows the extended time by EB with 90% L-UE. We can see
that the EB can extend the UE service operating time at any RSRP of LTE. For
example, at -115dBm of LTE, the service operating time of UE without EB is 9.3 min.
Contrastingly, if there are 10% L-UE in all users, and the UE uses EB, then B-UE’s
service operating time is extended by 31.7 min at -115 dBm of LTE. Therefore, B-UE

can use its battery for about 41 min with our scheme. Eventually, the extension rate
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of service operating time is 4.4 times. Additionally, at -115 dBm, the UE service
operating time without EB is 9.3 min. If there are 90% L-UE in all users and the UE
uses EB, B-UE’s service operating time is extended by 33 min, hence the B-UE’s
operating time is 42.3 min, and the extended rate is 4.56 times. From the simulation
results shown in Fig.3-20, we can confirm that if the UE is without EB, the operating
time is 9.3~28.4 min. Conversely, if the UE uses EB, then B-UE’s service operating
time is about 42 minutes in any condition. The service operating time with EB is the
sum of the UE operation time without EB (each black color point in Fig. 3-20) and
extended time with EB (each red, blue, or green color point in Fig.3-20). We can
confirm EB can extend the UE service operating time by any RSRP of LTE and the
number of L-UE in all users. This is because EB was shown to be able to find L-UE
even in an environment where L-UE is as low as 10% among the passengers.
Additionally, EB was able to extend the UE service operating time. As shown in Fig.
3-12, EB can be used stably when operating up to a distance of approximately 50 m.
Therefore, even if the number of L-UEs is small, L-UEs can be found within the D2D
communication range. A stable performance is confirmed in this simulation
environment. We can confirm that UE with the EB can stably extend the battery
service time, unaffected by the number of L-UE in the cabinet of the train.

Table II shows the battery extension rate. This ratio is the UE extended service
operating time ratio by EB based on the simulation results Fig. 3-20. It was confirmed
that by using EB, the battery operating time of LTE -60 dBm increased about 1.4
times when the L-UE rate was 10%, and the operating time was extended at about
1.5 times when the L-UE rate was 90%. Similarly, at LTE -115dBm, the operating
time was extended about 4.4 times at an L-UE rate of 10% and around 4.6 times at
an L-UE rate of 90%. Thus, it can be confirmed that in a train cabin, B-UE can extend

its battery service operating time, irrespective of the number of L-UE, from 10-90 %.
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3.6 Summary

This study proposes an energy borrowing transmission scheme, using D2D
communication over Wi-Fi direct that borrows and lends energy among cooperating
UEs. This process extends the service operating time of UEs with little battery
reserve. The performance of EB was examined through measurements and
simulations. As shown in Section 3.3 and 3.5, the energy consumption and the data
acquisition rates using LTE and D2D links were measured. Their relationship was
clarified according to communication quality. Similarly, we analyzed the volume of
data received during communications for each quality level of LTE and D2D from
various perspectives, such as energy consumption, battery life, and battery depletion
time. In addition, Section 3.5 outlines the simulations based on these experimental
results that verified the increase in service operating time offered by the EB scheme.
In our performance evaluation, we confirmed that EB can extend the battery

operation time up to 456.8% compared to LTE without EB in a train cabin.
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Chapter 4
Energy Burden and Fairness Evaluation of

Energy Borrowing Transmission Scheme

4.1 Introduction

In this chapter, we extend the "Energy Borrowing Transmission Scheme" described
in the previous chapter to a method that considers the power burden and fairness of
the terminals to which power is lent. In the previous chapter, we designed and
proposed a basic concept, system model, including communication protocols for the
power-lending scheme. However, because these are basic protocols, they do not focus
on the power burden of the lender. In addition, if there are multiple lenders, fairness
1s not considered. It is important to consider the lender when considering an actual
system. Therefore, in this chapter, we propose to control the L-UE burden by setting
an upper limit on the power to be lent. We also propose a mechanism in which the
maximum limit is reached and the terminal is not lent for a certain period of time,
thereby allowing multiple terminals to take turns lending power to each other. This
1s expected to ensure fairness because multiple L-UE terminals will lend a small

amount of LL-UE.

4.1.1Related Works

The proposal in this chapter is an extension of that in the previous chapter.[47] In
the previous chapter, when a B-UE chooses an L-UE, three threshold values are set
as decision criteria: RSSI of D2D communication, CQI of cellular communication, and
remaining battery capacity of the L-UE. In other words, if the L-UE has a remaining
battery capacity above the threshold, it would lend its own battery. To minimize the
power consumption of B-UE, L-UE was selected as the terminal with the strongest

D2D communication RSSI among those that exceeded the three aforementioned
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threshold values.However, this selection method may result in a concentration of
requests for terminals in certain good conditions. In addition, the concentration of
requests on a particular terminal increases the burden on that terminal and impairs
fairness. We propose a selection method that reduces the power burden by setting an
upper limit on the loaned power, thereby extending the operating time of the

borrowed terminal.

4.1.2Contribution

Instead of focusing solely on terminals that borrow power, this study focused on L-
UEs, which are terminals that lend battery resources, and proposed a novel terminal
selection method that considers the burden on the L-UE remaining battery power
and fairness with surrounding terminals. The method described in the previous
chapter adopted the same indicators for both B-UE and L-UE, resulting in
redundancy in the terminal selection. Therefore, the proposed method eliminates
redundancy and enables an efficient selection. In addition, we incorporated an
operation in the L-UE that makes a decision based on the total power lent per day
and the power lent by the currently connected B-UE. This makes it possible to lend
battery resources while considering the power burden on the L-UE.
To verify the effectiveness of the proposed method, we conducted measurement
experiments using actual equipment to determine (1) the power consumption during
communication with base stations, (2) the power consumption of B-UEs, and (3) the
power consumption of L-UEs.
Thereafter, we verified the battery extension effect and fairness of the proposed
scheme via simulation analysis.
The contributions of this chapter are summarized below:

¢ By integrating a lending upper limit into the scheme, focusing on the power

burden of L-UEs, and including a lending upper limit in the selection criteria
for L-UEs, more appropriate terminal selection can be made.
e By introducing an upper limit, a situation in which a burden is placed on a

particular terminal can be avoided.
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e The upper limit also makes it possible to take turns lending power to other
terminals in the vicinity.

e The previous chapter exhibited redundancy in the terminal selection method;
hence, we improved the efficiency of the selection method by improving the
selection criteria.

e The power consumption of the cellular, B-UE, and L-UE was clarified via
experiments, and further simulations were conducted to clarify the fairness
effect of this method, including the effect of extending the battery life of the B-
UE.

4.2 System Model

4.2.1 Protocol of the Energy Borrowing Transmission Scheme

Considering Power Burden in Power-Lending

The fundamental protocol of the energy-borrowing transmission scheme is illustrated
in Fig. 4-1. In this study, the communication protocol is designed with reference to
prior works [47]; it is based on the LTE system, but the basic concepts and flow

remain the same for 5G. Therefore, it is also expected to be applicable to 5G systems.

1. The terminal at the top of the figure has low battery power and would like to
extend the battery life. In this case, it enters the energy-borrowing (EB) mode
and becomes a B-UE.

2. B-UE sets the connection state with 5G to the RRC_ inactive state. By setting
this state, the base station and core network side will maintain the terminal
response; however, the terminal side will enter a mode similar to standby, thus

reducing the power consumption. [38]
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The objective of this research is to reduce the battery drain and increase the
battery running time using D2D communication; the UE communicates with
the base station as little as possible. Therefore, during EB communication, B-
UE is designed to always use the RRC_inactive mode for communication with
the base station. This allows the B-UE to reduce power consumption by going
into the standby mode.

. When a communication request occurs on the B-UE, the B-UE turns on Wi-Fi.
The B-UE then searches to determine whether there is an L-UE, a candidate
for a cooperative terminal, within its Wi-Fi communication range. B-UE
broadcasts a request for cooperation in power borrowing and lending using Wi-
Fi, which is the detection and establishing connection process in the figure.

. The B-UE detects the L-UE because it is a cooperating UE and is in Energy
Lending mode, in which it lends its own battery resources to other terminals.
The L-UE responds to a B-UE communication request. In this system, there
are two types of L-UEs: "L-UE candidate,” which is a candidate for L-UE, and
"L-UE,” which has established D2D connection with the B-UE. However, for
simplicity, they are collectively referred to as L-UEs here, and a detailed
explanation is provided later.

. B-UE establishes a D2D connection with the L-UE by using Wi-Fi. This was
the establishment of an energy-borrowing session. The detection and
establishment connection process is presented in Fig. 4-1.

. The L-UE communicates with the base station on behalf of the B-UE, receives
the uplink data of the B-UE via D2D, and forwards it to the base station. It
also receives downlink data from the base station via 5G and forwards it to B-
UE using D2D. This is the exciting EB in Fig. 4-1. The session is maintained
provided certain conditions are met, and data continue to be exchanged on both
the uplink and downlink.

. When the power borrowing and lending scheme is terminated, the B-UE
declares the end of the energy-borrowing transmission, and the D2D

communication is terminated. This marks the end of the EB session. There are
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several conditions for the termination of the EB session, such as when no
communication is performed for a certain period of time, when the power lent
by the L-UE to the B-UE exceeds the upper limit, as described below, when the
D2D communication status deteriorates owing to movement and falls below
the RSSI threshold, or when the L-UE's power is lent by the B-UE to the L-UE.
This includes the case in which the communication quality of the L-UE link to

the base station deteriorates, and the CQI threshold falls below the CQI

threshold.
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Figure 4-1 Basic flow of the energy-borrowing transmission scheme

4.2.2 Selection Protocol of L-UE

In the detection and establishment connection in Fig. 4-1, the B-UE searches and
selects an L-UE in the following flow to initiate the energy-borrowing scheme.

Flow of B-UE's LL-UE search and selection
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1. When a communication request occurs, the B-UE broadcasts a request for
cooperation in borrowing energy to the surrounding area using Wi-Fi.

2. If an L-UE candidate exists, the B-UE receives a response from the L-UE
candidate, and the terminal with the strongest received signal strength
indicator (RSSI), which is the reception strength of D2D communication,
among the responses from the L-UE candidate is designated as the L-UE. If
there are no L-UE candidates, the B-UE communicates with the base station
as usual.

3. Having determined the L-UE from the L-UE candidates, the B-UE starts
energy-borrowing communication, in which the B-UE communicates with the

L-UE while virtually using the L-UE's power.

The above flow is a more efficient version of the operational flow of the B-UE in a
previous study, which is a basic study. The B-UE selects the terminal with the
strongest RSSI among the L-UE candidate terminals as the L-UE for the following
reasons. The experimental results of previous studies and this study demonstrate
that there is a correlation between RSSI, which is the reception strength of D2D
communication, and the power consumption generated by the communication; as it
1s known that communication can be performed with low-power consumption if RSSI
1s strong, the objective is to extend the terminal operating time of B-UE. In this study,
the terminal with the strongest RSSI among the Li-UE candidate terminals is selected.
In a previous study, both the B-UE and L-UE set threshold values and made
judgments to check whether the energy-borrowing scheme could be implemented, and
only when the conditions were met was energy-borrowing communication initiated.
The first is the RSSI value, which is the D2D reception strength that covers the
strength of the D2D link between the B-UE and the L-UE candidate; the second is
the channel quality indicator (CQI) value between the base station and the L-UE; the
CQI value i1s the channel quality indicator between the base station and cell phone;

and the third is the D2D link between the B-UE and L-UE, which indicates a measure
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of communication quality between terminals. The third is the remaining battery

capacity of the L-UE.

Do | have enough battery?
(Total lent power < 6t_power?
or
Battery remaining > 8br?)

Is there L-UE
request?
RSSI > Orssi)?

Do | have enoug
connection with the gNB?

Send the
notification of a
L-UE candidate

Have | been
chosen L-UE?

Decided L-UE
Execute EBT

End
Figure 4-2 L-UFE operation during the search and selection of L-UFE

Each of the B-UE and L-UE has its own threshold value, and both parties determine
whether energy-borrowing communication is possible. However, the decision by both
B-UE and L-UE is considered redundant because it duplicates the decision. However,
in this study, as demonstrated in the B-UE L-UE search and selection flow described
above, the B-UE side only selects the one with the strongest RSSI value, and the
judgment operation on the B-UE side is made more efficient. Instead, the L-UE side

determines whether to lend battery resources and introduces a decision criterion that
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also considers the power burden on the L-UE. Accordingly, we developed a terminal
selection method that reduces the power burden on the LL-UE while making decisions
more efficient. Figure 4-2 illustrates the L-UE flow. Figure 4-2 illustrates the flow of
an L-UE candidate terminal responding to a B-UE communication request and

lending its own station power as an L-UE.

Operation Flow of L-UE in Search and Selection

1. To determine whether a station is a candidate L-UE terminal, it first checks
whether its remaining battery capacity and total power credit limit exceed the
threshold values. The upper limit of the total power loan represents the total
power lost to the B-UE within a 24-h period. If the remaining battery capacity
1s lower than the threshold value, the terminal itself does not have sufficient
battery power. If the total power lending upper limit is higher than the
threshold value, it implies that the terminal has already lent more power to
the B-UE than the threshold value. These two values were assumed to be set
arbitrarily by the user. For example, the threshold value of the remaining
battery capacity can be expressed as 85%, and the upper limit of the total
power lending is 5%. In other words, if the remaining battery charge falls below
84%, the power will not be lent to other terminals, and only 5% of the total
power can be lent to other terminals per day. When the remaining battery
capacity is lower than the threshold value, or when the total power lending
upper limit is higher than the threshold value, the station will not participate
in the scheme to prevent its own power consumption from being depleted. The
flow proceeds to the next flow only if it does not terminate.

2. The L-UE receives an energy-borrowing cooperation request broadcast by the
B-UE. At this point, the L-UE judges the received signal strength RSSI, and if
it 1s lower than the threshold value, it judges that the D2D communication
strength 1s weak and may be unable to communicate stably and terminate. If

it 1s higher than the threshold value, it proceeds to the next step.
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3. The L-UE checks communication quality with the base station. A CQI was
adopted as an indicator for this check. If it is lower than the threshold value,
the L-UE judges that the communication quality is insufficient and terminates
the process. If it is higher than the threshold value, it proceeds to the next step.

4. The B-UE sends a "notification of an L-UE candidate" to the B-UE using the
D2D.

5. If the B-UE is selected as an L-UE, the B-UE starts energy-borrowing

communication as an L-UE; otherwise, communication is terminated.

Therefore, to become an L-UE candidate terminal, the following conditions must be

satisfied:

L — UE candidate = Total lent power < Ot_power && Battery remaining > Obr
&&  RSSI > Orssi && CQI > Ocqi

4.2.3L-UE Operation During Energy Borrowing Transmission

During the energy-borrowing communication, the L-UE constantly records the power
lent to other terminals. If the upper limit is exceeded, the energy-borrowing
communication is terminated. Two indices are adopted in this case. The first is the
upper limit of the total power loan, which is the upper limit of the percentage of power
lost in a day, and is the conditional value described above in Section 4.2.2. Once the
L-UE establishes a connection with the B-UE, the L-UE initiates energy borrowing
communication and continues to lend power provided the set conditions are met.
However, by setting an upper limit on the amount of power granted per session, it
sets the upper limit for power lending in a single session. Both indicators are values
for 100% battery, and the L-UE terminates energy-borrowing communication when

these upper limits are exceeded.
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The L-UE also constantly records the signal strength of D2D communication, 5G
communication quality, remaining battery power of its own station, and
communication time and terminates communication if any of these conditions are no
longer met. The above operation is described using Figure 4-3.

Figure 4-3 illustrates the behavior of a running L-UE in energy-borrowing
communication. This corresponds to the execution of the EB in Figure 4-2. The
behavior of L-UE is explained based on the flow in Figure 4-3, the behavior of the L-
UE is explained.

1. When the L-UE candidate is selected as the L-UE, it establishes an energy-
borrowing session with the B-UE to initiate energy-borrowing communication.

2. During the energy borrowing communication, the L-UE determines the
following

a. Whether the D2D receives power above the threshold value.

b. Whether the CQI is above the threshold value.

c. The time without B-UE communication that does not exceed the

threshold value.

For a and b, if they are below the threshold values, it is ascertained that it is
difficult to execute energy-borrowing communication, and the communication
1s terminated. If it is greater than the threshold value, it continues. For c, if
there i1s no communication for a certain period, and communication is
terminated to save energy.

3. The L-UE judges whether the power lent in the energy-borrowing
communication of the currently connected session is less than the threshold
value. If it is low, it continues. If it is higher than the threshold value, the
maximum lost power in one session is exceeded, and the communication is
terminated.

4. The L-UE should determine whether the total power lent in one day is less
than or equal to the threshold value. If lower, it continues. If greater than the

threshold value, the maximum power loaned in a day has been exceeded, and
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the session is terminated. The L-UE candidate mode in energy borrowing mode
shall be terminated until the next day, and the L-UE shall be set not to be a
candidate for L-UE.

5. The L-UE checks the remaining battery power of its station. If it is below the
threshold value, it continues. If it is greater than the threshold value, it
determines that there are no resources available for loans to other terminals,
and it then terminates. The L-UE candidate mode in the energy-borrowing
mode 1s terminated, and the L-UE is set to not become a candidate for L-UE
until the remaining battery charge exceeds the threshold value, for example,
by recharging the battery.

6. If all the conditions from 2 to 5 are met and energy borrowing communication
can be performed without any problem, the communication is successfully
performed. In addition, the total amount of electricity loaned for the day, the
amount of electricity loaned per connection, and the time of the last
communication with the B-UE are recorded.

7. During the energy borrowing communication, steps 2 to 6 are repeated.

Hence, if the total power lending limit is exceeded, it is terminated, and the L-UE
does not participate in energy borrowing communication for the entire day. However,
if the upper limit of power lending per connection, which is the value of the percentage
of power that can be lent per connection, is exceeded, it will not participate in energy
borrowing communication for a certain period. If the maximum time limit is exceeded,
the L-UE will again become a candidate for L-UE. This behavior prevents
concentration on a single terminal and improves fairness by allowing the L-UE to
borrow power slightly from its surroundings when there are multiple L-UEs in the
vicinity.

Two types of power loan limits are used: a total power loan limit, which is a daily
limit, and a per-connection power loan limit, which is a limit for each session in which

an energy-borrowing connection is established, to prevent situations in which a
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particular L-UE is overloaded and the L-UE's own battery is depleted by excessively

loaning battery resources to other terminals.

[ Keep connecting with B-UE ]‘ """"""""""""

D2D quality above the threshold?
(RSS! > Brssi)?
And
5G quality above the threshold? (CQl > Bcqi )?
N And
No transmission time < Ort?

Y

Turn off L-UE mode
for V time

lent power for this session
< Bs_power?

Total lent power < 8t_power?

Y

Battery remaining < 6br?

Turn off L-UE mode for

this day Execute EB

Record the battery consumed on EBT
0t_power, 8s_power, and EB time

Turn off L-UE mode until 3
battery remaining > 8br LLend power on session < Bs_power J ----------------- '

{ End

n

Figure 4-3 Operation flow of L-UFE during executing EB when energy borrowing communication 1s executed
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4.3 Experiment

4.3.1 Overview of the Experiment

To clarify the power saving and battery life extension effect of B-UE and power
burden of L-UE in the proposed system, measurement experiments were conducted
using actual equipment. The power consumption of the B-UE and L-UE was also
measured and analyzed in this study to verify the power burden on the L-UE. The
device utilized for the experiment was a Samsung Galaxy S5 ACTIVE SC-02G [43].
LTE was adopted for cellular communication, and Wi-Fi tethering with IEEE802.11
was used for D2D communication. In the experiment, the tethering parent device
served as the L-UE while the tethering child device served as the B-UE. The TEYGLE
POWER BENCH by TRYGLE was adopted for these measurements [44]. The electric
current was measured by attaching a TEYGLE POWER BENCH to the positive
terminal of the battery of the mobile terminal. The TEYGLE Prosess Logger can be
installed on a portable terminal to acquire and record logs of battery voltage, CPU
usage, and the amount of data transmitted and received in actual time. The current
and voltage reveal the power consumption W, and the amount of data transmission
1s measured simultaneously to check the power consumption during the
communication. The experiment was conducted using LTE-enabled smartphones.
This was because the LTE environment was the only option available at the time of
the experiment. However, in terms of the comparison between cellular and D2D
communication, the outcome of the comparison is the same, and it can be deduced

that there are no problems in the evaluation of the method.

The measurement procedure is summarized as follows.
1. Upload a 2.56 GB video file to an online storage beforehand.
2. Download the file in 1, then acquire and record the power consumption of the
mobile terminal and the amount of data being communicated in actual time

during the download.
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3. After the measurement, analyze the download speed (kbps) during the
download and obtain the power consumption (W) from the current and voltage

to obtain the power consumption per data volume.

The measurements were performed on three targets: 1) LTE communication at one
station without D2D (without using the proposed method), 2) B-UE (terminal
borrowing power, tethered child unit), and 3) L-UE (terminal lending power, tethered
parent unit). In the experiment, an anechoic chamber was used to reproduce the
environment of each signal strength and clarify the trend of power consumption
according to communication status. RSSI, which is the reception strength of D2D
between B-UE and L-UE, was reproduced by adjusting the distance between the Wi-
Fi tethering parent and child devices and installing them. The RSRP, which is the
reception strength of the LTE signal, was reproduced by placing the unit near a door
close to an outdoor environment, for easy reception of the LTE signal; conversely, the
unit was placed in an anechoic chamber for poor reception. For RSSI, the D2D signal
strength, the measurements were made of RSSI-30, -40, -50, -60, and -70 dBm when
the RSRP was -65; RSSI-30, -40, -50, -60, and -70 dBm when the RSRP was -85; in
addition, -60, -70 dBm were reproduced in a total of 15 patterns. The intensities
reproduced in the experiment are presented in Table 4-1.

In a previous study, the reproduced receive strengths were -60, -74, -84, -96, -105,
and-115 dBm for LTE communications. In D2D, when the RSRP of the tethered
parent L-UE was -62 dBm, the RSRPs were -44, -54, -62, -74, and -84 dBm. Therefore,
we solely verified the power consumption trend when the L-UE exhibited one RSRP-
type. Based on this previous study, we comprehensively examined the power
consumption trends by the L-UE reception strength in this study. In addition, as
mentioned above, the previous study only verified power consumption during LTE
communication and B-UE; hence, this study examines three types of L-UE: LTE
communication, B-UE, and L-UE.
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Table 4-1 List of received intensities reproduced in the experiment

LTE L-UE B-UE
LTE RSRP -65 dBm LTE RSRP -65 dBm
RSRP -65dBm D2D RSSI D2D RSSI
-30, -40, -50, -60, -70dBm | -30, -40, -50, -60, -70dBm
LTE RSRP -85 dBm LTE RSRP -85 dBm
RSRP -85dBm D2D RSSI D2D RSSI
-30, -40, -50, -60, -70dBm | -30, -40, -50, -60, -70dBm
LTE RSRP -105 dBm LTE RSRP -105 dBm
RSRP -105dBm D2D RSSI D2D RSSI
-30, -40, -50, -60, -70dBm | -30, -40, -50, -60, -70dBm

4.3.2Experimental Result

Figure 4-4 shows the power consumption when 100 MB is acquired by the home
station without using the method and the power consumption (J) when 100 MB is
acquired by the B-UE. The gray bar graph shows the power consumption when
communicating with the base station at the home station without using D2D.
Therefore, it is not borrowing or lending power, but downloading to its own station.
The gray bars show the power consumption when downloading at LTE reception
strengths of RSRP-65, -85, and -105 dBm, from left to right.

On the other hand, the red, blue, and green bar graphs show the power consumption
of the B-UE when 100 MB were acquired. The red bars show the power consumption
of L-UE when its RSRP 1s -65 dBm and RSSI is -30, -40, -50, and -70 dBm, respectively.
The blue bars show the power consumption when the RSSI is -30, -40, -50, and -70
dBm when the RSRP of the L-UE is -85 dBm, respectively. The green bars show the
power consumption of the L-UE at an RSSI of -30, -40, -50, and -70 dBm when the
RSRP is -105 dBm, respectively, compared to the power consumption when using the
base station shown in gray for all intensities of RSRP-65, -85, and -105 dBm. It can
be confirmed that the power consumption when using D2D, shown in red, blue and

green, is lower. The power consumption tends to increase as the reception strength of
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D2D becomes weaker, but in this experiment, even at -70 dBm, the weakest state of

D2D, the power consumption was lower than that of the base station.

Energy consumption on 100MB data downloading in LTE and B-UE
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Figure 4-4 Power consumption when acquiring 100 MB in LTE without using the proposed scheme and the
Power consumption of B-UE when 100 MB is acquired using the proposed scheme

Figure 4-5 also shows the power consumption in the L-UE when the B-UE acquires
100 MB. As in Figure 4-4, the gray graph shows the power consumption when data is
downloaded at the own station. On the other hand, the red, blue and green bar graphs
show the power consumption of the L-UE, respectively. The red shows the power
consumption when the L-UE's RSRP is -65 dBm and RSSI is -30, -40, -50, or -70 dBm;
the blue shows the power consumption when the L-UE's RSRP is -85 and RSSI is -30,
-40, -50, or -70 dBm; the green shows the power consumption when the L-UE's RSRP
1s -105 dBm and The power consumption of LTE at -65, -85, and -105dBm is higher
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than the power consumption generated by the own station's communication, which is
shown in gray, when the own battery resources are shared with other terminals using
D2D. The results of this study confirm this. It can also be confirmed that, as with the
B-UE, the power consumption increases as the reception strength of D2D

communication becomes weaker.

Energy consumption on 100MB data downloading in LTE and L-UE
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Figure 4-5 Power consumption when acquiring 100 MB in LTE without using the proposed scheme and the
Power consumption of L-UE when 100 MB is acquired using the proposed scheme

Next, the experimental results were used to verify the battery life of the terminals.
Figure 4-6 shows the run time when a terminal with 10% remaining battery power
continued to download 100 MB of data once every 45 seconds until the battery ran
out. The gray bar graph shows the run time when the terminal did not use D2D and

downloaded the data by accessing the base station at its own station. From left to
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right, they show the drive time when the RSRP is -65, -85, and -105 dBm, respectively.
The red, blue, and green graphs also show the battery run time for B-UE. The red
represents the drive time of the B-UE when the L-UE RSRP is -65 dBm and RSSI is
-30, -40, -50, or -70 dBm, the blue represents the drive time of the B-UE when the L-
UE RSRP is -85 and RSSI is -30, -40, -50, or -70 dBm, the green represents the drive
time of the B-UE when the L-UE RSRP is -105 The B-UE drive times are shown for
RSSI at -30, -40, -50, and -70 dBm at dBm. From this figure, it can be confirmed that
at all intensities, the battery runtime can be extended by using D2D to communicate
with other terminals while virtually borrowing power from them rather than

communicating with the base station to download the data.
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Figure 4-6 Battery life when B-UFE with 10% battery remaining downloads 100MB of data once every 45 seconds
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Figure 4-7 shows the drive time under similar conditions when a terminal with 10%
remaining battery power continues to download 100 MB of data once every 45 seconds
until the battery runs out. The gray bar graph shows the drive time when
downloading is performed by accessing the base station at the terminal's own station
without using D2D. The red, blue and green bars indicate the L-UE's operating time
when the L-UE's RSRP is -65, -85, and -105, respectively, using D2D. Since the L-UE
1s the one that lends its own power, the L-UE does not need to use D2D to download
data. It can be confirmed that the drive time is shorter than accessing the base station

for downloading.
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Figure 4-7 When L-UE downloads 100MB of data once every 45 seconds Time until B-UE's battery power is
reduced by 10%.

Based on the results shown in Figures 4-6, 4-7, Figure 4-8 shows the rate of change

occurs in the driving time of B-UEs and L-UEs by participating in the proposed
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scheme. The gray bar graph shows the drive time when the B-UE and L-UE do not
participate in the scheme and communicate at their own stations, and this is used as
the base value, which is 100%. From left to right, they represent the drive time at
RSRP -65, -85, and -105. The pink bar chart shows the percentage change in drive
time of B-UE when the RSRP of L-UE is -65 dBm. The red bar graph shows the drive
time change rate of L-UE in %. All of them are the rate of change when RSSI is -30, -
40, -50, -60, and -70 from left to right. The pink bars indicate that the battery runtime
change rate for B-UE is approximately 160-170%, and this result confirms that B-UE
can extend battery runtime by 160-170% by using the method. On the other hand,
the battery drive change rate of L-UE, indicated by the red bar graph, is about 50-
80%, and this result shows that the L-UE can extend its battery life by about 50-80%

by participating in the scheme and lending its battery resources to other terminals.
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Figure 4-8 Percentage change in battery life by implementing energy borrowing scheme in B-UE and L-UFE

The light blue bars show the rate of change of B-UE at RSSI -30, -40, -50, -60, and -
70 when the RSRP is -85, and the blue bars show the rate of change of L-UE under
the same conditions. By applying the energy borrowing method, the B-UEs showed
the following results in this experimental environment. It was found that the average
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drive time could be extended by 155%. On the other hand, the L-UE was found to be
able to extend its battery life to 70% of its normal use by sharing its own battery

resources with other terminals.
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Figure 4-9 Standby power consumption in B-UFE and L-UFE

In addition, standby power consumption was also measured. Figure 4-9 shows power
consumption in standby mode. The gray bars indicate the standby power
consumption for LTE-only without D2D, and the RSRPs from left to right are -65, -
85, and -105 dBm. And the pink bar graph shows the power consumption of L-UE at
the respective D2D strength when the RSRP of Li-UE is -65 dBm. The red s-bar graph
shows the power consumption of the B-UE under the same conditions. The light blue
bar graph shows the power consumption of L-UE at each RSSI when the RSRP of L-
UE is -85 dBm, and the blue bar graph shows the power consumption of B-UE. And
the light green bar chart shows the L-UE for each RSSI when the RSRP of the L-UE
1s -105 dBm, and the dark green bar chart shows the power of the B-UE. As can be
seen from this, the power consumption of the L-UE as the lender is higher than that
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of LTE, but the power consumption of the B-UE as the borrower is greatly reduced.
It can also be seen that the B-UE consumes significantly less power than LTE and L-

UE, confirming that D2D can be used to reduce standby power consumption.

4.4 Simulation study

4.4.10verview of the Simulation

Based on the measurement results described in 4.3.2, simulations were performed.
The simulation reproduces the actual environment and clarifies how much the
battery life of the B-UE can be extended by using the proposed method. In addition,
by setting an upper limit for the L-UE's power lending, the relationship between the
power burden on the L-UE and the extension of the B-UE's battery life will be
analyzed. Furthermore, by setting an upper limit to the amount of power lent to the
L-UE, the proposed scheme aims to prevent a particular terminal from significantly
lending power and draining its battery. Therefore, the fairness of the scheme by

setting an upper limit is verified using the fairness index.

4.4.2S1mulation Parameters and Scenario

The simulation scenario is as follows:

1. The environment to be reproduced in the simulation is one train car. The train
was chosen as the scene where smartphones are used on a daily basis. As a
result of a survey of 500 men and women who commute by train, 93.8% of them
answered that they use smartphones [45], so we set this as the environment in
which the simulation would be reproduced as a scene in which they use
smartphones on a daily basis. The number of passengers is assumed to be 77,
with a 50% occupancy rate, and each passenger is assumed to have one
smartphone, so that there are 77 smartphones in one train car. The vehicles

are assumed to be those in [46].
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2. B-UEs are assumed to be 10% of the total number of B-UEs, and the remaining
battery power of B-UEs is assumed to be 10%. The L-UE candidates shall be
30, 50, and 90% of the total number of L-UEs, and the remaining battery
capacity shall be 100%. On average, the B-UE downloads 100Mbytes of data
once every 30 seconds. At that time, if an L-UE is found in the neighborhood,
it communicates using the proposed method; if not, it communicates directly
with the base station. Each time the B-UE communicates, it consumes power
and the remaining battery power decreases.

3. Similarly, each time when the L-UE lends power, its remaining battery power
decreases. In addition, the L-UE shall set an upper limit for the amount of
power it lends, and if the upper limit is exceeded, it shall not participate in the
scheme. The upper limit to be used this time is the total power lending limit,

and if the limit i1s exceeded, no power will be lent.

Exceed the limit L-UE users
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L-UEs have reached the limit. This B-UE can find L-UE. The L-UE There is no L-UE. Then B-
Then B-UE transmits gNB. connects gNB for the B-UE. UE transmits gNB.

Figure 4-10 Simulation scenarios
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Figure 4-10 summarizes the simulation scenarios and environment. In CASE 1, the
B-UE searches for L-UE candidate terminals in the vicinity, but there are none, so
the B-UE accesses the base station directly at its own station. The base station
communicates with the user using the energy borrowing method because energy
borrowing communication has been established. In CASE 3, the surrounding L-UEs
have reached the energy borrowing limit and do not participate in the scheme, and
the B-UEs communicate directly with the base station.

Therefore, the total power consumption of the B-UE is the sum of the power
consumption when communicating is performed with the base station using the
proposed method and the power consumption when communicating is performed with

the base station at its own station because no LL-UE is found.

Table 4-2 Simulation parameters

Parameters Value
The number of users 77 users
B-UE ratio in all users 30, 50, 90%
L-UE ratio in all users 90%
The battery remaining in B-UE 10%
The battery remaining in L-UE 100%

LTE RSRP -60, -74, -84, -96, -105, -115 dBm
D2D RSSI -44, -52, -62, -74 dBm
The limit of

the total lending energy

1,3,5,8,10,20,50,80,100%

The area of the simulation

(The cabinet size of the train) 20%2.85m
The battery capacity 2800mAh
Average data birth interval 30 s
Data size 100 MB
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The parameters of the simulation are shown in Table 4-2. As mentioned above, the
number of users is assumed to be 77. One vehicle with 50% occupancy is reproduced.
In addition, the percentage of B-UEs among them is 10% and the remaining battery
capacity is 10%. The proportion of L-UEs is simulated at 30, 50, and 90% respectively;
the remaining battery capacity of L-UEs is assumed to be 100%. The vehicle size is
assumed to be 20 x 2.85 m. The parameters of the LTE RSRP and D2D RSSI are
taken from the previous study [47]. In addition, the upper power lending limits shall
be 1, 3, 5, 8, 10, 20, 50, 80, and 100%. These values are the percentage of the L-UE's
own battery (%) that the L-UE is allowed to lend to the B-UE.
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Figure 4-11 Calculated value obtained from measured power consumption of L-UE
and power consumption of B-UE and LTE

The power generated by the L-UE when it lends power is the power generated by LTE
plus the power generated by D2D. The gray bars in Figure 4-11 show the power
consumption when acquiring 100 Mbytes at the own station at RSRP-65, -85, and -

75



105. The red, blue and dark green bars from left to right show the power consumption
of the L-UE when 100 Mbytes are acquired by the B-UE shown in Section 4.3. And
the pink, light blue and light green bar graphs shown next to these graphs are the
combined power consumption of the B-UE and the power consumption at its own
station. As can be seen in Figure 4-11 there is no significant difference and the same
trend of power consumption increases as the RSSI becomes weaker, so the values

described above were used in this simulation.

4.4.3S1imulation Results

Simulation results are shown in Figure 4-12 which shows the relationship between
the power lending limit and the extended battery life of B-UEs when 90% of all users
are L-UKs. It is an indicator of how much battery life could be increased. The unit is
minutes. This indicator i1s the difference between the battery time when
communicating is performed with the base station without applying the method and
the battery life time when the method is applied. It can be confirmed that in an
environment where the power lending limit is low, such as 1%, the surrounding L-
UEs quickly reach the limit and there are no terminals that can participate as L-UEs,
and as a result, the B-UEs communicate with the base station at their own station
and the battery life of the B-UEs does not increase much. In the present environment,
the battery life of the B-UE increased significantly in the range of 3 to 8% of the upper
limit of the power credit and did not change significantly when the upper limit was
increased further. The extended battery life was 12.6 minutes. When the upper limit
of power lending was set to 100%, i.e., L-UE lends power until it reaches 0%, the
extended battery operation time was 13.9 minutes, showing no significant change
depending on the upper limit. On the other hand, when the LTE reception strength
was at its weakest (RSRP-115dBm), the extended battery run time was 17.4 minutes
when the upper power lending limit was 1%. When the power lending upper limit was
100%, the impact was 33 minutes, compared to -60 dBm. Experiments have shown

that the weaker the RSRP, the more power is consumed when communicating with
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the base station. Therefore, in an environment with a weak RSRP, the L-UE
consumes a relatively large amount of power and reaches the upper limit relatively
quickly. This is then considered to be the result because there are no more terminals

from which the B-UE can borrow and it starts communicating with its own station.
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Figure 4-12 Relationship between power credit limit and extended battery run time (L-UE 90%)

Figure 4-13 also shows the relationship between the power lending limit and the
extended battery life in B-UE when 30% and 50% of the total users are L-UEs and L-
UEs, respectively. The lower graph shows the extended battery life when 30% of all
users are L-UE, and the overlapping graph shows the extended battery life when 50%
of all users are L-UE. It can be confirmed that the change in extended battery life
when the user was a UE having a similar trend. The trend was found to be the same
when L-UE was 90% as shown in Figure 4-12. On the other hand, a major difference
when the L-UE is 90%, is that when the upper limit of the power loan is set low, the
extended battery life is shorter than when the L-UE is 30% or 50%. For example,
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when L-UE is set at 90% and the maximum power credit limit is 1%, the battery life
can be extended by 12 minutes at most. On the other hand, at 30%, the maximum
battery life is 1.6 minutes, which is very short. Therefore, when there are few L-UEs
in the vicinity and the upper limit of power lending is set to a small value, such as
1%, it was confirmed that this method has little effect on extending the battery life of
B-UEs. On the other hand, in an environment with as many as 90% L-UEs, even
when the upper limit is small (1-3%), the battery can be extended to a minimum of
12 minutes and a maximum of 20 minutes, indicating that the upper lending limit is

closely related to the number of surrounding L-UEs.
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Extended time (min)

40 -90

20 o -80
0 -80 RSRP of LTE
Maxium lending limits (%)

Figure 4-13 Relationship between power credit limit and extended battery run time (L-UE 30, 50%)

When the graphs are compared with the three conditions of 30, 50, and 90% L-UEs,
the graphs are overlaid with 30, 50, and 90% from the bottom. This indicates that the
higher the number of L-UE users, the longer the battery life can be extended. For any

number of L-UE terminals, it was found that the battery life extension time is longer
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when the upper limit of power lending for each L-UE terminal is larger, and
conversely, the battery life extension time is shorter when the upper limit of power
lending for each L-UE terminal is smaller. The upper power lending limit at which
the B-UE extension time was 10 minutes or longer for all RSRPs in this simulation,
was 1% for the 90th percentile (minimum 12 minutes and maximum 20 minutes in
that case), 5% for the 50th percentile (minimum 12 minutes and maximum 17
minutes), and 8% for the 30th percentile (minimum 11 minutes and maximum 16

minutes).

Next, we examined the relationship between the upper limit of power lending for this
method and the fairness of the method. Figure 4-14 shows the relationship between
the power lending upper limit and Jain's fairness index (FI) [48] when the L-UE is
90% of all users. A situation in which a particular L-UE is lending power to an
extreme degree is considered to be less fair, while a situation in which the entire
surrounding L-UE terminals are sharing and lending power is considered to be more
fair. In this study, fairness was verified using Jain's fairness index (FI) as a measure
of fairness, which can be expressed as 0.0 to 1.0, with a value close to 1.0 indicating
fairness.

We checked how much the FI changes when there is no upper limit for power lending
and all the remaining battery capacity of the L-UE is lent, and when the method is
introduced with an upper limit for power lending, which is "up to what percentage of
each L-UE terminal can be lent. As shown in Figure 4-14, when the upper limit is as
low as 1%, B-UEs borrow from other terminals one after another, resulting in a
situation where 1% is lent to each L-UE as a whole, and FI becomes very high. This
trend is similar up to 5%. However, it can be seen that the FI is getting lower as the
upper limit 1s raised above that level. This indicates that certain L-UE terminals are
lending more power. Since the proposed scheme aims at extending the battery life
of the B-UE, the B-UE selects the terminal with the strongest RSSI value as the L-
UE. Therefore, it can be said that this happens because the B-UE preferentially

selects the terminal with the lowest power consumption. Based on this result, it can
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be confirmed that by setting an upper limit for power lending to the L-UE, it is
possible to prevent a situation in which only certain L-UE terminals lend power, and
to create a situation in which multiple terminals in the surrounding area gradually
lend power to each other. Also, by setting the upper limit in this way, it can be said
that excessive battery drain of the L-UE can also be prevented.

The results of Figures 4-12 and 4-13 together with the results of this simulation
evaluation indicate that setting the upper limit of power lending to 5-8% will ensure

sufficient battery life extension time while maintaining FI.

Relationship between maximum lending limits and fairness index
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Figure 4-14 Relationship between power credit limit and FI (90% L-UE)

Figure 4-15 also shows the FI when L-UE is 30, 50, and 90% of all users. The reason
for the lowest FI at 90% and the highest FI at 30% can be attributed to the following
reasons: When L-UE is 30%, the number of L-UE terminals is relatively small, so the

percentage of terminals that are leased up to the upper limit is high as a percentage
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of the total number of L-UE terminals. Thus, the FI will be higher because L-UE
terminals will lend power at the same level overall. On the other hand, in a situation
where the number of L-UEs is as high as 90%, the percentage of terminals that lend
power up to the upper limit is lower relative to the population of L-UEs. Therefore,
the FI will be low. Therefore, when considering fairness, it may be possible to make
the scheme more fair by making the power lending upper limit variable within the
range of user settings to some extent depending on the number of surrounding Li-UEs.
It is also conceivable that FI may vary depending on the number of surrounding L-
UE terminals and their power lending upper limit settings, depending on the
situation. It is then conceivable that by running the method in all such environments,
the FI will level out. In order to guarantee optimal FI while ensuring extended
battery operation time, it is necessary to consider a method that acquires L-UE
density information, terminal information, etc. before executing the method, and

executing energy borrowing communication based on FI and extended time prediction.
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Figure 4-15 Relationship between power credit limit and FI (30, 50% L-UE)
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4.5 Summary

In this study, we proposed "energy borrowing transmission" in 5G. In addition, newly
we examined a method that takes into account the power burden on L-UE and
fairness with surrounding terminals.

In the measurement experiments, we divided the power consumption during
communication into three categories: power borrowing, power lending, and direct
communication with base stations, and analyzed power consumption and battery
depletion when communicating with base stations, and power consumption and
battery depletion when using the proposed method for both the borrowing and
lending sides. In the simulation, we reproduced the environment inside a train and
introduced an upper limit for power lending to verify the impact of the upper limit on
fairness and the relationship with the effect of extending the battery life of the B-UE.
From the results of the experiments and simulations, it is confirmed that the use of
the power lending upper limit for L-UEs prevents the concentration of power lending
to specific L-UEs and maintains fairness. The upper limit also prevents excessive
battery drain on L-UEs. In the future, it is necessary to consider extending the
method to ensure the effect of extending battery life while guaranteeing FI, for
example by making the upper limit value variable based on the surrounding terminal
density and the ratio of B-UEs and L-UEs. It is necessary to examine the method and

verify its effectiveness, and at the same time, update the method for beyond 5G.
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Chapter 5
Conclusions and Future Works

In this thesis, we proposed an energy-borrowing transmission scheme based on D2D
communication. Accordingly, we defined and proposed a novel concept of using D2D
to virtually borrow power from other terminals via communication, and designed a
system based on this concept. Using this method, we addressed the problem of battery
life, which is one of the most common complaints of several users. In addition, we
studied the basic scheme and confirmed the effectiveness of the proposed method by
measuring its power consumption. In addition, we considered the power lender and
extended the proposed system to consider the burden on the power lender and the

fairness of the system.

Chapter 1 introduced this study. First, a description of the current state of mobile
services was provided. Then, the problems and issues addressed in this study were
presented. The results of a questionnaire survey on battery life, which has been a
complaint of users for some time, were also presented. Subsequently, an overview of
D2D communication was provided, and the positioning of this research was discussed.
Finally, the structure of this paper and the outline of each chapter were also

presented.

Chapter 2 introduced the basic technology of D2D communication, which is the focus
of this study. The basic ideas were explained and typical communication models of
D2D communication were described, including previous research on D2D
communication combining cellular communication and Wi-Fi Direct, which forms the

basis for the proposed method of this study. The concepts and protocols were also

described.
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In Chapter 3, we proposed the basic concept of the proposed "Energy Borrowing
Transmission Scheme" using D2D communication and designed a communication
scheme that virtually borrows battery resources from neighboring terminals using
D2D communication with Wi-Fi Direct. Experiments and simulations were conducted
to verify the effectiveness of the proposed scheme. Experiments were conducted using
smartphones to measure the actual power consumption when downloading data.
Experiments were conducted in an anechoic chamber to reproduce multiple reception
environments, as well as in multiple outdoor environments, to verify the effectiveness
of the proposed method in common scenarios. The results demonstrated that D2D
communication using Wi-Fi consumes less power and is expected to have a longer
battery life. Using these results, we also confirmed that the proposed method is
effective in extending the battery life by using the proposed method in a simulation

that reproduced the environment inside a train.

In Chapter 4, we propose a method to set an upper limit on the amount of energy that
can be lent out, based on the scheme proposed in Chapter 3. This would allow the
consideration of the electric power burden on the lender. In addition, it ensures
fairness among lender terminals. There are two types of power to be lent: the first is
a daily limit on the amount of power that can be lent and the second is a limit on the
amount of power that can be lent for the pair that is currently lending power. This
capped amount ensures fairness by lending power in small increments at surrounding
terminals rather than having only one terminal lending an excessive amount of power.
The effectiveness of the proposed method was verified via experiments and
simulations. In the experiment, in addition to the cellular communication and power
borrower, the power lender was also subjected to the measurement of power
consumption. Based on the experimental results, a simulation was conducted to
reproduce the actual train environment. We investigated the effect of setting an
upper limit on the amount of power to be lent on extending the battery life of the

borrower and the fairness of the lender.
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The verification results indicated that setting an upper limit ensures fairness. We

also verified the relationship between the battery running time and fairness of energy

lending for L-UEs by setting the upper limit.

In this study, we proposed a scheme for communicating using D2D communication

while virtually borrowing battery resources from neighboring terminals. We also

improved the scheme by setting an upper limit on the amount of power to be lent,

considering the burden on the terminal and fairness.

However, we believe that the proposed method can be improved further. To further

improve the effectiveness of the method, we present the following ideas for future

research:

Appropriate communication schemes based on mobility and user usage
(communication trends). By considering mobility and human communication
behavior, it is expected that the battery life can be extended more effectively.
Density of UEs in the entire area. It is necessary to consider extending the
method, to ensure the effect of extending the operation time while
guaranteeing FI, for example, by dynamically altering the upper limit variable
according to the surrounding terminal density, the ratio of B-UEs to L-UEs,
and other environmental factors.

Further applications of D2D communication technology include the
consideration of multi-hop and single-hop. Lending power via coordination
among multiple terminals.

Optimization of economic incentives to encourage energy lending. Concepts for
points or coupons.

Finally, the scheme should be improved to make it compatible with B5G.
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