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Abstract

Next-generation cellular networks are envisioned to enable widely Device-to-Device (D2D)
communication. For many applications in the D2D domain, deterministic communica-
tion latency and high reliability are of exceptionally high importance. The proximity
service provided by D2D communication is a promising feature that can fulfill the relia-
bility and latency requirements of emerging vertical applications. One of the prominent
vertical applications is vehicular communication, in which the vehicles disseminate safety
messages directly through D2D communication, resulting in the fatality rate reduction
due to a possible collision.

Radio resource allocation techniques in D2D communication have recently gained much
attention in industry and academia, through which the valuable radio resources are
allocated more efficiently. In addition to the resource allocation techniques, energy sus-
tainability is highly important and is usually considered in conjunction with the resource
allocation approach. This dissertation is dedicated to studying different avenues of the
radio resource allocation and energy efficiency techniques in Long Term Evolution (LTE)
and New Radio (NR) Vehicle-to-Everthings (V2X) communications. In the following,
we briefly describe the core ideas in this study.

Mostly, the D2D applications are characterized by relatively small traffic payload size,
and in LTE, due to coarse granularity of the subframe, the radio resources can not
be utilized efficiently. Particularly, in the case of semi-persistent scheduling when a
radio resource is scheduled for a longer time in the overlay D2D, the radio resources are
underutilized for the such applications. To address this problem, a hierarchical radio
resource management scheme, i.e., a sub-granting scheme, is proposed by which nearby
cellular users, i.e., beneficiary users, are allowed to reuse the unused radio resource
indicated by sub-granting signaling. The proposed scheme is evaluated and compared
with shortening Transmission Time Interval (TTI) schemes in terms of cell throughput.
Then, the beneficiary user selection problem is investigated and is cast as a maximization
problem of uplink cell throughput subject to reliability and latency requirements. A
heuristic centralized, i.e., dedicated sub-granting radio resource Dedicated Sub-Granting
Radio Resource (DSGRR) algorithm is proposed to address the original beneficiary
user selection problem. The simulation results and analysis show the superiority of the
proposed DSGRR algorithm over the random beneficiary user selection algorithm in
term of the cell throughput in a scenario with stationary users. Further, the beneficiary
user selection problem is investigated in a scenario that all users are moving in a dynamic
environment. We evaluate the sub-granting signaling overhead due to mobility in the
DSGRR, and then a distributed heuristics algorithm, i.e., Open Sub-Granting Radio
Resource (OSGRR), is proposed and compared with the DSGRR algorithm and no
sub-granting case. Simulation results show improved cell throughput for the OSGRR
compared with other algorithms. Besides, it is observed that the overhead incurred by
the OSGRR is less than the DSGRR while the achieved cell throughput is yet close to
the maximum achievable uplink cell throughput.

Also, joint resource allocation and energy efficiency in autonomous resource selection
in NR, i.e. Mode 2, is examined. The autonomous resource selection is formulated as
a ratio of sum-rate and energy consumption. The objective is to minimize the energy
efficiency of the power-saving users subject to reliability and latency requirements. A
heuristic algorithm, density of traffic-based resource allocation (DeTRA), is proposed to
solve the problem. The proposed algorithm splits the resource pool based on the traffic
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density per traffic type. The random selection is then mandated to be performed on the
dedicated resource pool upon arrival of the aperiodic traffic is triggered. The simula-
tion results show that the proposed algorithm achieves the same packet reception ratio
(PRR) value as the sensing-based algorithm. In addition, per-user power consumption
is reduced, and consequently, the energy efficiency is improved by applying the DeTRA
algorithm.

The research in this study leverages radio resource allocation techniques in LTE based D2D
communications to be utilized radio resources more efficiently. In addition, the con-
ducted research paves a way to study further how the power-saving users would optimally
select the radio resources with minimum energy consumption in NR V2X communica-
tions.



Zusammenfassung

Mobilfunknetze der nächsten Generation ermöglichen einen weitverbreiteten Einsatz
von Device-to-Device Kommunikation, der direkten Kommunikation zwischen zellu-
laren Endgeräten. Für viele Anwendungsfälle zur direkten Kommunikation zwischen
Endgeräten sind eine deterministische Latenz und die hohe Zuverlässigkeit von zentraler
Bedeutung. Dienste zur direkten Kommunikation (D2D) für in der Nähe befindliche
Endgeräte sind vielversprechend die hohen Anforderungen an Latenz und Zuverlässigkeit
für zukünftige vertikale Anwendungen zu erfüllen.

Eine der herausragenden vertikalen Anwendungen ist die Fahrzeugkommunikation, bei
der die Fahrzeuge sicherheitskritische Meldungen direkt über D2D-Kommunikation aus-
tauschen, die dadurch zur Reduktion von Verkehrsunfällen und gleichzeitig von Todesfällen
im Straßenverkehrt beiträgt. Neue Techniken zur effizienteren Zuweisung von Funkres-
sourcen in derD2D-Kommunikation haben in letzter Zeit in Industrie und Wissenschaft
große Aufmerksamkeit erlangt. Zusätzlich zur Allokation von Ressourcen, wird die
Energieeffizienz zunehmend wichtiger, die normalerweise im Zusammenhang mit der
Ressourcenallokation behandelt wird. Diese Dissertation untersucht verschiedener Ansätze
der Funkressourcenzuweisung und Energieeffizienztechniken in der LTE und NR V2X
Kommunikation. Im Folgenden beschreiben wir kurz die Kernideen der Dissertation.

Meist zeichnen sich D2D-Anwendungen durch ein relativ geringes Datenvolumen aus,
die über Funkressourcen übertragen werden. In LTE können diese Funkressourcen auf-
grund der groben Granularität für die Ressourcenzuweisung nicht effizient genutzt wer-
den. Insbesondere beim semi-persistenten Scheduling, bei dem eine Funkressource über
einen längeren Zeitraum im Overlay D2D festgelegt wird, sind die Funkressourcen für
solche Anwendungen nicht ausgelastet. Um dieses Problem zu lösen, wird eine hierar-
chische Form für das Management der Funkressourcen, ein sogenanntes Subgranting-
Schema, vorgeschlagen. Dabei kann ein nahegelegener zellularer Nutzer, der sogenannte
begünstigte Nutzer, ungenutzten Funkressourcen, die durch Subgranting-Signalisierung
angezeigt werden, wiederzuverwenden. Das vorgeschlagene Schema wird bewertet und
mit ”shortening TTI”, einen Schema mit reduzierten Sendezeitintervallen, in Bezug auf
den Zellendurchsatz verglichen. Als nächster Schritt wird untersucht, wie der begünstigten
Benutzer ausgewählt werden kann und als Maximierungsproblem des Zellendurchsatzes
im Uplink unter Berücksichtigung von Zuverlässigkeits- und Latenzanforderungen dargestellt.
Dafür wird ein heuristischer zentralisierter, d.h. dedizierter Sub-Granting-Radio-Ressource
DSGRR-Algorithmus vorgeschlagen. Die Simulationsergebnisse und die Analyse ergeben
in einem Szenario mit stationären Nutzern eine Erhöhung des Zelldurchsatzes bei dem
Einsatz des vorgeschlagenen DSGRR-Algorithmus im Vergleich zu einer zufälligen Auswahl
von Nutzern. Zusätzlich wird das Problem der Auswahl des begünstigten Nutzers in
einem dynamischen Szenario untersucht, in dem sich alle Nutzer bewegen. Wir be-
werten den durch das Sub-Granting durch die Mobilität entstandenen Signalisierungs-
Overhead im DSGRR. Anschließend wird ein verteilter Heuristik-Algorithmus (OSGRR)
vorgeschlagen und sowohl mit den Ergebnissen des DSGRR-Algorithmus als auch mit
den Ergebnissen ohne Sub-Granting verglichen. Die Simulationsergebnisse zeigen einen
verbesserten Zellendurchsatz für den OSGRR im Vergleich zu den anderen Algorith-
men. Außerdem ist zu beobachten, dass der durch den OSGRR entstehende Overhead
geringer ist als der durch den DSGRR, während der erreichte Zellendurchsatz nahe am
maximal erreichbaren Uplink-Zellendurchsatz liegt.
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Zusammenfassung iv

Zusätzlich wird die Ressourcenallokation im Zusammenhang mit der Energieeffizienz
bei autonomer Ressourcenauswahl in NR Mode 2 untersucht. Die autonome Auswahl
der Ressourcen wird als Verhältnis von Summenrate und Energieverbrauch formuliert.
Das Ziel ist den Stromverbrauch der akkubetriebenen Endgeräte unter Berücksichtigung
der geforderten Zuverlässigkeit und Latenz zu minimieren. Der heuristische Algorithmus
”Density of Traffic-based Resource Allocation (DeTRA)” wird als Lösung vorgeschlagen.
Bei dem vorgeschlagenen Algorithmus wird der Ressourcenpool in Abhängigkeit von der
Verkehrsdichte pro Verkehrsart aufgeteilt. Die zufällige Auswahl erfolgt zwingend auf
dem dedizierten Ressourcenpool beim Eintreffen aperiodischer Daten. Die Simulation-
sergebnisse zeigen, dass der vorgeschlagene Algorithmus die gleichen Ergebnisse für die
Paketempfangsrate (PRR) erreicht, wie der sensing-basierte Algorithmus. Zusätzlich
wird der Stromverbrauch des Endgeräts reduziert und damit die Energieeffizienz durch
die Anwendung des DeTRA-Algorithmus verbessert.

In dieser Arbeit werden Techniken zur Allokation von Funkressourcen in der LTE-
basierten D2D-Kommunikation erforscht und eingesetzt, mit dem Ziel Funkressourcen ef-
fizienter zu nutzen. Darüber hinaus ist der in dieser Arbeit vorgestellte Ansatz eine Basis
für zukünftige Untersuchungen, wie akkubasierte Endgeräte mit minimalem Stromver-
brauch in der NR V2X-Kommunikation Funkressourcen optimal auswählen können.
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“All our dreams can come true, if we have the courage to pursue them.”

Walt Disney
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4G and 5G wireless networks are barely developed and commercialized targeting to
achieve low latency, high reliability, and high capacity for various use cases, e.g., a mas-
sive number of connected devices with stringent requirements. New emerging applica-
tions and an increasing number of connected devices ask for further enhancement, which
is foreseen to be achieved by 6G architecture. The 6G architecture and its components
pave the way to promise ultra-high-speed and save valuable energy sources for the new
emerging use cases. Besides, it is foreseen to overcome the deficit of current networks
and enhance the existing technology design further by applying artificial intelligence or
other advanced techniques.

For example, some critical applications like self-driving cars need low latency require-
ments, while enterprises will require capacity improvement more than latency reduc-
tion (See Table 1.1). In addition, it is worthy to note that many of these applications
are typically characterized by small traffic payload, e.g., 50 ∼ 100B, and have certain
reliability and latency requirements. Thereby, there is a consensus that future cellular
networks need to be designed to satisfy all demanding requirements for all applications
kind.

One of the features that were initially introduced in 4G and are foreseen to be used in
future networks is a direct communication of nearby entities, say, D2D communications.

1
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Table 1.1: Example of uRLLC applications requirements [1].

Use Case Data Size [byte] Latency [ms] Reliability [Packet Loss Rate]

Printing Machines 30 1 10−9

Machine Tools 16 0.25 10−9

Packaging Machines 15 2.5 10−9

Road safety Urban 500 10 ∼ 100 10−3 ∼ 10−5

The idea of incorporating D2D communication into the cellular network has been a
topic of considerable interest for a long time. As a result, many types of research have
been conducted to examine the viability and benefit of D2D communication concerning
proximity service and public safety needs. Multicasting communication [2] and machine-
to-machine communication [3] are two types of use cases in which a user equipment
benefits from proximity service of D2D communications to transceive data packets with
a specific quality of service requirements. Besides, a short-range communication in D2D
communication can provide a better power efficiency applying heuristic algorithms [4], [5]
and improves the quality of service performance considering power constraints [6].

Along with academia, D2D communication has also been considered by 3GPP as an im-
portant radio enabler for future wireless communications, and corresponding use cases
have been specified in [7]. One of the prominent use cases is vehicular communication
which is specified for both LTE and NR technologies. Vehicular communication is re-
cently revolutionized by introducing many different types of direct communications [8]
between vehicular users and power-saving users, e.g., pedestrians, e-Bike, and electric
cars, which are usually equipped with a battery. Thus the related procedures need to
be enhanced considering their power constraints.

Resource allocation and power control have been the main research topics in D2D com-
munications, where the goal is to optimize spectral efficiency, reliability, latency, and
energy efficiency. In resource allocation, two techniques, so-called underlay and over-
lay resource allocation mechanisms, are considered for D2D integration in the cellu-
lar network. In the underlying method, cellular users share their radio resources with
other D2D under the control of the cellular network. Intuitively, spectral efficiency is
improved by sharing the bandwidth between cellular users and D2D communication,
provided that appropriate interference reduction [9], [10] or interference avoidance tech-
niques [11], [12] are applied. Another way to avoid the interference arise from sharing
the resources between the cellular users and D2D communications is to apply the overlay
approach, where a separate bandwidth is allocated to the cellular users and D2D commu-
nications. Although overlay D2D communication can eliminate the interference between
the cellular users and D2D communication, the potential interference among D2D com-
munications can treat the overall performance of the D2D communications. Some works
have been conducted to mitigate the interference between D2D communications in a
dense scenario [13], [14].

Finally, it is worthy to note that existing works in D2D communications also provide
precious insight into joint power control and resource allocation optimization prob-
lem [15], [16]. Detailed overview on D2D communication can be found in [17], [18].
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1.1 Problem Statement

The realization of ultra Reliable Low Latency Communication (uRLLC) use cases brings
about several transformations in the current wireless technology in order to fulfill the
requirements of those applications. Table 1.1 depicts a few examples of these applica-
tions in terms of reliability and latency requirements. As discussed in underlay D2D
communications, cellular users share resources with D2D users, which may cause se-
vere interference. Even though the underlay D2D is an appealing solution to increase
spectra efficiency in D2D communication, stringent algorithms are needed to mitigate
interference among the users sharing the radio resources. One solution to avoid the
inferences arising from sharing radio resources is to assign orthogonal radio resources
between cellular users and D2D users, i.e., overlay. In the overlay D2D communication,
the base station may schedule radio resources for D2D users in a semi-persistent manner
to reduce the control overhead and delay due to the scheduling procedure. However,
in the overlay resource allocation, the number of available resources for cellular users is
reduced, whereby the achieved throughput by the cellular users is deteriorated. In ad-
dition, the LTE subframe with normal cyclic prefix comprises 14 Orthogonal Frequency
Division Multiple Access (OFDMA), which seems too coarse for uRLLC applications
with small packets, and can further worsen the achieved cell throughput, especially in
semi-persistent scheduling of the overlay radio resources. For example, given that the
smallest scheduled radio resource in LTE (i.e., one resource block) and the highest mod-
ulation scheme, about 90 B, can be carried by the subframe. Therefore, for example, in
the case of printing machine applications with 30 B, two-third of the allocated resources
are being wasted.

Continuing progress on waveform leads to introducing the fifth generation (5G) of ac-
cess technology, known as NR technology, to address a variety of use cases vertical
applications from enhanced mobile broadband to ultra-reliable and low-latency commu-
nication to vehicular communications. Key features in NR include ultra-lean, support
for low-latency communication, spectrum flexibility operation with different numerology.
Recently, NR over sidelink communication is specified to be used for vehicular commu-
nications by which latency and reliability, required by new use cases specified in [8] are
addressed. The vehicular users with an unlimited energy source were assumed. How-
ever, due to the increasing number of power-saving users with a limited energy source,
e.g., e-bikes and electric cars, using NR sidelink communication, some enhancement to
the specified procedures, e.g., resource allocation, concerning the energy consumption
should be taken into account.

In the autonomous resource allocation procedure, i.e., Mode 2, vehicular user equipment
performs sensing continuously before each data transmission triggering time interval.
This sensing procedure is essential prior to any resource selection triggering time in-
stance at the transmitter V-UE to ensure the reliability of the transmission and avoid
any collision. However, this increases the energy consumption of the transmitter users.
Two resource selection procedures, partial sensing and random resource selection, were
introduced in LTE V2X to cater for the power-saving users [19]. Random resource
selection is the procedure where a power-saving UE does not carry out sensing but ran-
domly selects resources for its intended transmission from the configured radio resource
pool. Another power-saving resource selection method specified in the LTE V2X is
partial-sensing. It allows power-saving UEs to perform sensing for defined time inter-
vals, resulting in energy saving. Note that in LTE V2X, periodic traffic is dominant, but
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only the traffic with specific periodicities is supported. Thus, a power-saving UE only
needs to perform the sensing at specific time intervals. However, traffic with different
periodicities in NR V2X poses a significant challenge to the resource selection strategy
for the power-saving users. The introduction of aperiodic traffic in conjunction with
periodic traffic in NR V2X intensifies the problem. Therefore, in 3GPP plenary meet-
ing [20], it was decided to leverage the existing resource allocation procedures in NR V2X
considering both periodic and aperiodic traffic types for the power-saving users.

1.2 Proposed Solution

In this study, we first propose a radio resource allocation strategy, i.e., sub-granting,
in overlay D2D-based LTE V2X communication in which whole or a part of unutilized
radio resources that allocated to a D2D user, i.e., sub-grant provider, is granted to a
selected cellular user in the vicinity, i.e., the beneficiary user. Then, two centralized and
distributed algorithms are developed to select the beneficiary users aiming to maximize
the uplink cell throughput (See Chapter 3 - 6). In the sub-granting scheme proposed in
this work, the following fundamental functionalities are used:

1. Sub-grant provider user: Each original holder of the radio resource can broadcast
the number of free resources over time and frequency domains. An additional field,
say, the beneficiary user identity, is added to indicate the selected beneficiary user
identity in case of a centralized approach.

2. Beneficiary user: In general, a beneficiary user needs an algorithm to perform en-
ergy sensing and decoding of the sub-grant signaling information in order to derive
the number of free resources and beneficiary user identity, when it is available, indi-
cated in the sub-granting signaling. In addition, the beneficiary user can assist in the
selection process by exchanging some control information in a distributed approach.

3. Beneficiary user selection algorithm: In the sub-granting scheme, a part of
unused radio resources can be granted to a beneficiary user. Therefore, assigning
the sub-granted resources to a beneficiary user with a better radio channel condition
can increase the overall uplink cell throughput. To this aim, here, a centralized and
a distributed beneficiary user selection algorithms are developed, wherein the best
beneficiary users are selected to achieve the maximum cell throughput.

Then, in this work, we examine the problem of joint radio resource selection and energy
consumption in NR V2X communication. To this target, the energy efficiency problem
is formulated as a ratio of the sum-rate to power consumption for the power-saving users
subject to reliability and latency requirements (See Chapter 7). In addition, the power
consumption in autonomous resource selection of NR V2X is modeled, and the energy
consumption of sensing procedure in the radio resource selection procedure is taken into
consideration. Finally, a heuristic of traffic density-based random resource selection on
a dedicated pool algorithm (DeTRA) is proposed. The algorithm splits the resource
pool based on the traffic density per traffic type. The random resource selection is then
mandated to be performed on the dedicated resource pool upon arrival of the aperiodic
traffic is triggered. This way, the energy efficiency is improved while the sum-rate value
similar to the baseline algorithm is achieved.
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1.3 Novelty and Contribution

The four major contributions of this thesis are

1. to Propose the sub-granting radio resource scheme SGRR.

2. to Compare of the sub-granting and shortening TTI schemes.

3. to Propose a flexible subframe in the sub-granting scheme to reduce over-
head and latency in D2D communication.

4. to Develop a distributed and centralized beneficiary user selection algo-
rithms.

5. to Develop an energy-efficient radio resource allocation for NR Vehicle-
to-Vehicle (V2V) communication.

The proposed approaches are significant steps forward to make the radio resource alloca-
tion more efficient in overlay D2D-based V2V communication in LTE and NR technolo-
gies. Still, it does not preclude to widely be used for any other use cases, or technologies.
The overriding goal of this work is, however, to reduce the radio resource wastage in
overlay radio resource allocation and power consumption for vehicular and battery-based
users. Besides the contributions, the following benefits can be deduced, although not all
of them are evaluated in detail in this thesis:

� Cross Network Technologies Applications:

The sub-granting approach is evaluated for LTE. However, the framework is
applicable for legacy networks as well as for future cellular network generations,
e.g., next radio NR. Recently, in NR V2X communication, inter-UE coordination is
introduced in autonomous resource selection where a user assists the nearby users
with sensing information or additional information to avoid collision or re-utilize
the radio resource more efficiently. The initial observations show the benefit of the
inter-UE coordination in terms of reliability and spectral efficiency. The concept of
the inter-UE coordination is very similar to the sub-granting scheme, and thus the
principle of the sub-granting can be exploited by the inter-UE approach in NR V2X
communication.

Energy efficiency was one of the key features in 5G NR, and it will be a fundamen-
tal design challenge in 6G [21]. The wireless information and particularly resource
allocation procedures need to be reconsidered such that consume the valuable source
of energy more efficiently and prolong the battery life of the connected devices. In
this sense, introducing new metrics as energy efficiency studied in the DeTRA my
thesis can provide a framework for joint optimization problems, e.g, energy and sum-
rate optimization, also can pave the way for future advances considering the artificial
intelligence progresses.

The following papers, articles, and the patent have been published based on this work.

1. Dariush M. Soleymani, Elke Roth-Mandutz, Andre Puschmann, Jens Mueckenheim,
Andreas Mitschele-Thiel: ”Transfer of Access Rights in the Form of Radio Resource
Blocks in Wireless Communication Devices,” 2016, Patent [22].
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2. Dariush M. Soleymani, Andre Puschmann, Elke Roth-Mandutz, Jens Mueckenheim,
and Andreas Mitschele-Thiel: ”A Hierarchical Radio Resource Management Scheme
for Next Generation Cellular Networks,” In IEEE Wireless Communications and
Networking Conference (WCNC), Doha, Qatar, April 2016 [23].

3. Dariush M. Soleymani, Jens Mueckenheimi, Mehdi Harounabadi, Abubaker Ma-
tovu Waswa, Zubair Shaik, and Andreas Mitschele-Thiel:” Implementation Aspects
of Hierarchical Radio Resource Management Scheme for Overlay D2D,” in IEEE In-
ternational Conference on Ultra Modern Telecommunications and Control Systems,
pages 154–161, 2017 [24].

4. Dariush M. Soleymani, Abubaker Matovu Waswa, Jens Mueckenheim, Andreas
Mitschele-Thiel: ”Study on Uplink Throughput of Radio Resource Sub-granting
and Shortening TTI Schemes for Overlay D2D ,” 23. ITG Fachtagung Mobilkom-
munikation, 6 Pages, Osnabrück, May 2018 [25].

5. Dariush M. Soleymani, M. Reza Ghomali, Jens Mueckenheimi, and Andreas Mitschele-
Thiel:”Dedicated Sub- Granting Radio Resource in Overlay D2D Communication,”
in IEEE International Symposium on Personal, Indoor and Mobile Radio Commu-
nication, Istanbul, Turkey, September 2019 [26].

6. Dariush M. Soleymani, M. Reza Ghomali, Giovanni Del Galdo, Jens Mueckenheimi,
and Andreas Mitschele-Thiel: ”Open Sub-Granting Radio Resources in Overlay
D2D-Based V2V Communications,” EURASIP Journal on Wireless Communica-
tions and Networking, March 2022 [27].

7. Dariush M. Soleymani, M. Reza Ghomali, Giovanni Del Galdo: ”Energy-Efficient
Autonomous Resource Selection for Power-Saving Users in NR V2X,” in IEEE
PIMRC Conference 2021, Oulu, Finland, September 2021 [28].

The part of the thesis are incorporated in the following papers in collaboration with
others:

1. Philipp Schulz, Albrecht Wolf, Gerhard P Fettweis, Abubaker Matovu Waswa, Dar-
iush Mohammad Soleymani, Andreas Mitschele-Thiel, Torsten Dudda, Markus Dod,
Marco Rehme, Jens Voigt, et al. Network archiectures for demanding 5g perfor-
mance requirements: ”Tailored toward specific needs of efficiency and flexibility,”
IEEE Vehicular Technology Magazine, 14(2):33– 43, 2019 [29].

2. Abubaker Matovu Waswa, Dariush M. Soleymani, Zubair Shaik, Jens Mückenheim,
Andreas Mitschele-Thiel: ”D2D Communication Implementation for Future Cellular
Networks (5G),” 22. VDE/ITG Fachtagung Mobilkommunikation: Technologien
und Anwendungen , Osnabrueck, Germany, May 2017 [30].

3. J. Mueckenheim, A. Puschmann, D.M. Soleymani, E. Roth-Mandutz, A.M. Waswa,
A. Mitschele-Thiel: ”On D2D-Communication for Resource Efficient Data Trans-
mission of Delay-Critical Services,” 21. ITG Mobilfunk-Fachtagung, Osnabrück,
Mai 2016 [31].

As an additional activity, I was honored to be one of the main organizers and techni-
cal chairs of NR V2X communication workshop in Personal, Indoor and Mobile Radio
Communications (PIMRC) conference in 2021 [32].
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Besides, the following conference paper, patents, technical report, and article are pub-
lished in collaboration with others during my dissertation:

1. Waswa, Abubaker M. and Soleymani, Dariush M. and Mwanje, Stephen and
Mueckenheim, Jens and Mitschele-Thiel, Andreas, ”Multiple Resource Reuse for
D2D Communication with Uniform Interference in 5G Cellular Networks,” 2017
IEEE 28th Annual International Symposium on Personal, Indoor, and Mobile Ra-
dio Communications (PIMRC), 2017 [33].

2. Dariush M. Soleymani et al.: ”Method and Apparatus for Zone Adaption in a
Network,” April 2019 [34].

3. Dariush M. Soleymani et al.: ”Radio Resource Management to Enhance Reliability
in Mobility Scenarios,” July 2019 [35].

4. Dariush M. Soleymani et al.: ”NR Sidelink Control Message Design,” August
2019 [36].

5. Dariush M. Soleymani et al.: ”Enhanced Exceptional Pool Design for NR V2X
Sidelink,” 2019 [37].

6. Dariush M. Soleymani et al.: ”User Devices for a Wireless Communication System
and Methods for Communicating in a Wireless Communication system,” October,
2019 [38].

7. TDoc R1-2008817,”NR Sidelink Resource Allocation for UE Power Saving,” 3GPP
TSG RAN WG1 Meeting 103-e-Meeting, October, 2020 [39].

8. M. Harounabadi, D. M. Soleymani, S. Bhadauria, M. Leyh and E. Roth-Mandutz,
”V2X in 3GPP Standardization: NR Sidelink in Release-16 and Beyond,” in IEEE
Communications Standards Magazine, vol. 5, no. 1, pp. 12-21, March 2021 [40].

1.4 Thesis Organization

In the previous sections, the subject of the thesis, problems, and corresponding solutions
are introduced. We now conclude this chapter with a summary of the remaining chapters
as follows.

Chapter 2 introduces the radio resource allocation approach and assesses the corre-
sponding state of the art. First uRLLC and D2D communication in LTE are introduced,
and then the overlay and underlay radio resource in D2D communication are explained.
As previously discussed, the granularity of LTE subframe is too coarse for many new
emerging applications, e.g., uRLLC. Therefore, a shortening TTI scheme as a viable
solution in LTE for the early mentioned applications is explained here. The rest of the
chapter is focused on overlay radio resource allocation and the corresponding state of
the art. Primarily, NR V2V communication are described the related scenarios are ex-
plained. Then, autonomous and controlled resource allocation techniques are explained,
and some state-of-the-art in this area are overviewed. Finally, other key enablers like
graph and auction theories and the corresponding state of the art are summarized.
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Chapter 3 describes the sub-granting scheme concept and the principle of operation.
Also, the sub-grant provider, the beneficiary user, and the beneficiary user selection
algorithm are explained, and a new flexible subframe inspiring from shortening TTI
is introduced. Finally, the beneficiary user selection problem is discussed, and two
dedicated and open sub-granting algorithms employing the maximum matching in the
Bipartite graph and the Auction theory are proposed.

In Chapter 4 evaluates the sub-granting radio resource scheme with numerical analysis
and simulation study in terms of uplink throughput.

Chapter 5 compares the sub-granting radio resource scheme with the shortening TTI
in terms of transmission delay, overhead, and the uplink cell throughput

Chapter 6 attempts to evaluate the dedicated sub-granting algorithm performance by
comparing it with a random selection algorithm. Then, dedicated and open sub-granting
schemes are compared wherein the performance of both algorithms in a dynamic scenario
is evaluated.

Chapter 7 formulates energy-efficient resource allocation problem for NR V2V com-
munications and develops a heuristic algorithm to resolve the issue and compares the
proposed algorithm with the baseline algorithm in terms of the sum-rate and energy
efficiency.

Finally, Chapter 8 summarizes all the works that have been undertaken in this thesis
and an outlook on what future studies on the subject should entail. The potential areas
are discussed in which the proposed algorithms could be improved and be applied to
other open problems currently a discussion in academia and industry.
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uRLLC services refer to the applications which require reliable communication with a
specific latency from one end to another. In the chapter, first, the uRLLC requirements,
challenges, and use cases are introduced. Then, two radio key enablers, shortening
TTI technique and D2D communication, in LTE are explained. Overlay D2D radio
resource allocation in D2D communication is discussed, and the related state of the art
is overviewed. Also, vehicular communication as one of the vertical applications of D2D
communication in LTE and NR is described. Finally, different radio resource allocation
algorithms with a focus on graph and auction theories are explained.

9
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2.1 Ultra Reliable Low Latency Communication

New emerging use cases demanding for low-latency or higher-reliability or both, i.e.,
uRLLC, are foreseen as one of the critical objectives of the current, i.e., LTE, and
future wireless communications [41]. These requirements bring a plethora of challenges
in terms of system design into the current LTE and NR technologies in order to fulfill two
contradicting requirements, i.e., low-latency and high-reliability, for the different vertical
applications, e.g., V2X, Machine Type Communication (MTC). On the one hand, low-
latency mandates to transfer the packets with a shorter subframe size, which in turn
causes to have a new design in the channel coding and the physical layer structure. On
the other hand, ensuring reliability calls for more resources over time and frequency
domain, for example, in the case of re-transmission, packet duplication [41] and [42] .

As explained earlier, one way is to use a subframe with shorter granularity, e.g., 2, 7
symbols per subframe, say shortening TTI [43]. Reducing subframe duration may reduce
delay as the data can be decoded in a shorter time at the receiver side. However, this
may introduce more overhead on the network, whereby the cell throughput is reduced.

In addition to the shortening TTI, the D2D communication due to proximity of devices
and one-hop communication is envisioned as a prominent key-enabler over which uRLLC
requirements could be fulfilled. Further latency improvement can be achieved when the
radio resources are scheduled for D2D communication in a semi-persistent manner by
which the delay arising from dynamic scheduling is avoided.

In the following sections, these two key-enablers are explained, and state of the art in
this context will be further discussed.

2.2 Shortening TTI Concept in LTE

Studying the sub-granting scheme requires a perception of the not only structure of LTE
but also shortening TTI. This chapter reviews the shortening TTI concept, particularly
on uplink Single Carrier Frequency Division Multiple Access (SC-FDMA), setting a basis
for understanding the rest of the content in this thesis.

1 2 3 4 5 6 7 8 9 10 12 13 14

Reference
Signal

1 2 3 4 5 6 7

1 2 3

1 2

 Sub-frame
with 7 symbols

 LTE sub-frame 

 Sub-frame
with 3 symbols

 Sub-frame
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Figure 2.1: Illustration of different shortening TTI schemes and legacy LTE subframe.
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In recent years, researchers have undertaken many types of researches to find avenues sat-
isfying the latency requirements in emerging applications like Internet of Things (IoT).
Focusing primarily on latency requires a different approach to the deigns of wireless
communication. As the first step, it is crucial to understand the primary sources of
delay in the LTE air interface.

In the uplink, the primary sources of delay for uplink data are as follows: schedul-
ing delay, TTI delay due to subframe size of 1ms, and Hybrid Automatic Repeat Re-
quest (HARQ) feedback delay. Detail aspects of latency reduction were being studied
and standardized in 3GPP [44]. The main characteristic of the low latency design is
the reduction in TTI. A significant requirement of enabling shorter TTI is backward
compatibility, such that the implementation impacts can be easily moderated. Besides,
since the legacy LTE and shorter TTI coexist, thus they should easily convertible to
each other. Generally, LTE subframe consists of two slots where each slot contains
seven symbols, i.e., normal cyclic prefix, as illustrated in figure 2.1.

Note that the shorter TTI length is an integer number of symbols. As an example,
the shorter TTI may contain two symbols, three symbols, or seven symbols. Having
different subframe sizes would increase flexibility such that the latency requirement
for the different applications is fulfilled. Figure 2.1 shows an illustrative example of
shortening TTI schemes with different subframe sizes.

Due to a shorter transmission duration, the shortening TTI schemes can achieve higher
throughput. Besides, since the processing delay is linearly proportional to the length
of data, the processing delay is expected to be reduced in line with the length of the
subframe. However, the shorter duration of TTI brings about some challenges. For
instance, the necessity of the reference signals in every uplink subframe imposes signif-
icant overhead. Note that DeModulation Reference Signal (DMRS) is used by every
receiver to estimate the radio channel for demodulation. Typically, in LTE, one DMRS
is placed in every slot of the subframe. However, in a high Doppler scenario, e.g., V2X
communications, a single DMRS might not be sufficient, and the number of DMRSs
may increase. Notably, for a shorter subframe size, the higher overhead is expected.
For example, in a subframe with two symbols, the overhead due to DMRS can be up to
50%. Exceptionally, for a subframe with seven symbols, the overhead is as same as the
subframe with 14 Orthogonal Frequency Division Multiplexing (OFDM) symbols. The
reason is that the overhead is measured on a slot basis, and the size of both slots are the
same in a subframe. Several techniques are proposed in academia and industry through
which the overhead arising from shortening TTI can be reduced. In the following, we
briefly overview some of them.

In [45], the authors proposed a DMRS sharing method, by which the imposed overhead
owning to having a DMRS in every slot of subframe can be reduced [45]. In the DMRS
sharing method, the DMRS is not transmitted in every consecutive shortening TTI slots.
This way, the overhead due to DMRS, for example, for short TTI with two symbols is
reduced from 1/2 to 1/4. However, the overhead reduction by DMRS sharing is achieved
at the cost of a lower channel estimation accuracy, especially when the coherence time is
shorter than DMRS transmission interval. Thus the receiver can not track fast changes
in the radio channel, and the channel estimation information becomes obsolete.

To address the problem mentioned above, DMRS multiplexing is proposed, wherein dif-
ferent UEs share the same DMRS for channel estimation. In the DMRS multiplexing
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method, it is essential to ensure the orthogonality between different UE in order to esti-
mate the radio channel properly. One way to provide such orthogonality is to assign the
same base sequence with different cycle shifts for every UE [46]. However, multiplexing
DMRS may increase the likelihood of the interference among UEs with same DMRS
sequence. Consequently, DMRS multiplexing may not work efficiently in case of using
high modulation and coding schemes due to inter DMRS interference.

Finally, it is noteworthy to mention that the backward compatibility with LTE subframe
structure also needs to be considered in the shortening TTI schemes. To this aim, the
different short TTI schemes are combined, such that to be fit into the legacy LTE
subframe structure, i.e., 14 OFDMA symbols. For instance, two subframes with two-
symbols along with one subframe with three-symbols can be embedded into one slot
in LTE subframe structure [44]. The evaluation in [47] illustrates that shortening TTI
schemes can achieve the end-to-end delay demanded by a certain group of applications,
e.g., the automation industry.

2.3 Device-to-Device Communication

Following the brief introduction to shortening TTI in LTE, this section overviews a basic
concept of D2D communication in LTE and NR networks. First, we describe enhance-
ment in 3GPP standardization for D2D communication and explain some concepts used
in D2D communication, e.g., different coverage scenarios, spectrum sharing and, power
control mechanism. Also, V2X communications as a vertical application for D2D com-
munication is explained, and some of the resource allocation techniques are then briefly
described.

2.3.1 Overview of D2D Communication

D2D communication enables direct communication between two peer entities was defined
as part of Proximity Service (ProSe) service and emerged first time in 3GPP standard
Release 12 for a public safety use case.
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Figure 2.2: Architecture of sidelink communication, i.e., D2D communication in
3GPP.

The underlying architecture of D2D communication is shown in Figure 2.2, wherein a
UE can establish a connection to ProSe application server through an interface, say PC3,
to receive information that needed to initiate a discovery procedure. When a nearby
device was discovered, two peer UEs communicate over the sidelink interface, i.e., PC5.

In LTE, the following reasons make the uplink waveform, i.e., Single Carrier Frequency
Division Multiple Access (SCFDMA), as an appropriate candidate for the sidelink wave-
form:

� These radio resources are often less utilized compared to the downlink radio re-
sources.

� Less control information is available in the uplink resources compared with down-
link resources, which may facilitate sharing the uplink resources.

� In the case of sharing the uplink resources, the interference arises from D2D on
the cellular network can be minimized since Base Station (BS) is more powerful
and thus can better dealt with the raised interference.

� Reusing the downlink resources would increase hardware complexity due to regu-
latory concerns since the D2D communication should be capable of transmitting
on the downlink bandwidth considering the regulatory rules.

Different coverage scenarios are considered in D2D communication [48], wherein the
radio resource are allocated differently. When D2D users are in the coverage area, the
radio resources are scheduled by a eNB, i.e., Mode 1. In the out of coverage, where D2D
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users are not in eNB coverage area, and the radio resources are autonomously be selected
from a list of configured radio resources by every D2D users, i.e., Mode 2.

In case the D2D transmitter is in coverage and D2D receiver is in out of coverage area,
i.e., in a partial coverage scenario, the part of D2D communication that is in coverage
area receives radio resources configuration from eNB and assists the other part of D2D
communication in configuring the radio resources for a direct-communication. This
way, D2D communication avoids the interference either on nearby D2D communications
or the cellular network and besides aids the eNB to extend network coverage. Figure 2.3
illustrates the different coverage scenarios for D2D communication.

Figure 2.3: D2D communication coverage scenarios.

Figure 2.4 shows the milestones and progress in D2D communication on the 3GPP
standardization. Briefly, in the initial phase, the main focus was on the public safety
services on LTE based D2D communication. Service requirements related to the 5G
system consider D2D in two different ways. The first one uses a direct device connection
without any network entity in the middle. In the second approach, a relay UE is between
a UE and the 5G network. This type of communication is called an indirect network
connection mode, which mainly targeting coverage extension and service continuity. The
relay concept in D2D communication was added into the technical specifications Rel. 13.
One of the prominent vertical applications that were based on D2D communications,
is vehicular communications, which was first time introduced in Release 14. Further
enhancement and support for V2X services are discussed in 3GPP Release 15 wherein
safety-related V2X scenarios, such as automated and remote driving and platooning,
where vehicles form a platoon or a line traveling together, were included. Finally, the
main focus of the standardization groups in 3GPP Release 16 is to enhance systems
specifically for advance V2X communications, i.e., NR-V2X, and beyond to support the
needs of future V2X use cases.
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Figure 2.4: Illustration of D2D communication enhancement in 3GPP [49].
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To be more specific, in the following, we name a few of the use cases in V2X communi-
cation that are specified in 3GPP:

� Vehicle-to-Vehicle (V2V): Two vehicular users are in proximity can exchange in-
formation, e.g., location, velocity, direction, wherein this information is predomi-
nantly broadcast-based traffic but not precluded to be any other cast communica-
tion type, e.g., unicast and multicast. The primary purpose of V2V communication
is to avoid the possible accident and allowing vehicles in transient to relay data
received from other vehicles. By exploiting the V2V communication, every vehicle
exchanges the data with other nearby vehicles to reach the intended destination.
Depending on how the technology is developed, a vehicle can receive a warning
message such as emergency braking to react appropriately to any dangerous situ-
ations based on specific parameters detected by the devices/sensors placed on the
vehicle. Some of these devices are as follows:

– Blind-spot monitoring: It is a system that can monitor the blind spot’s exte-
rior rear-view mirrors employing radar sensors.

– Forward collision warning: This system uses a radar sensor to detect the
objects and estimate the distance between the obstacles and the vehicle.

– Automatic emergency braking: It is an assisted braking system by which the
speed of the vehicle is controlled to reduce the severity of the impact when
the collision is avoidable.

– Lane departure warning system: it is a device that warns the distracted driver
of exceeding the line that delimits its lane.

The V2V communication, thanks to the cooperation with already existing sensors,
will yield efficient management of possible pitfalls in the roadways all over the
world.

� Vehicle-to-Infrastructure (Vehicle-to-Infrastructure (V2I)): In this type of com-
munication, a UE supporting V2I application can transmit the message to an
infrastructure, e.g., Road Side Unit (RSU), which may accommodate a or multi-
ple geographical area(s). Generally, V2I communications are wireless, bidirectional
using radio resources, which are scheduled by the BS in an orthogonal manner to
transfer data. This information is sent from the elements of the infrastructure data
and provides travelers with real-time advice, sending information on road condi-
tions, traffic congestion, accident in the road, and availability of parking places.
Besides, traffic information collected from the vehicles and infrastructure system
can be used to set different speed limits to facilitate traffic flows. Note that the
communication is based on the sidelink on the PC5 interface and works also in
out-of-coverage scenarios

� Vehicle-to-Network (Vehicle-to-Network (V2N)): A vehicle is able to communicate
with the application server using uplink interface, i.e., Uu, in the network.

� Vehicle-to-Pedestrian (Vehicle-to-Pedestrain (V2P)): The majority of victims in
road accidents account for pedestrian, cyclists classified as vulnerable road users.
Therefore, it is essential to design a warning system to protect the pedestrian users
against road accidents. One of the main goals of V2P is precisely to enhance the
communication between vehicles and pedestrians aimed at reducing fatal accidents.
In this use case, a pedestrian can warn/inform other nearby vehicles about possible
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risk/threat using some embedded sensor modules. Identical to V2V and V2I, V2P
is based on direct communication using the sidelink working also in out-of-coverage
scenarios.

It is also noteworthy to mention MTC as another prominent vertical application for
D2D communication which has recently drawn much attention. The MTC refers to a
IoT where a large number of static sensors are deployed and report sporadically to an
application server or cloud. As one of the critical technical enablers for 5G networks,
D2D can guarantee the service requirements needed for MTC services. For example, as
mentioned earlier, D2D relay is introduced in 3GPP release 13 to assist in the network
coverage. Sensors can use this technique in MTC to convey the data between two
machines. This way, a sensor in cell borders as remote sensors can establish a direct
communication via D2D interface, i.e., sidelink, to relay the data to the intended D2D
receiver. In the sequel, we will take a brief look at the state-of-the-art, focusing on the
benefit of using the D2D communication, especially in MTC and IoT applications.

Authors in [50] proposed a smart transmission mode in MTC wherein a remote sensor
transmits its data to another machine that relays the data to the intended machine or
network infrastructure. They proposed a signaling scheme that a relay MTC device can
collect and transfer the incoming message without imposing too much signaling overhead
on the network.

A drastic increase in IoT devices produces enormous demands for data transmission over
wireless networks, namely smart metering, remote health care, industrial automation.
The proximity service in D2D communication has been attracted much attention from
the scholars as an enabler to fulfill the earlier mentioned requirements, e.g., [51], [50], [52],
to name a few of them.

Authors in [51] proposed D2D communication as a viable solution to reduce energy
consumption. Particularly, they divided the D2D user to different clusters wherein a
IoT smart device is appointed as collector acting to gather information of all cluster
members toward the BS. It is shown that If the MCS is adopted properly on the com-
munication link, the overall utilization rate can be maximized. Further improvement
concerning the transmission power can be achieved when a lower modulation order is
selected. In [50], service availability, and power consumption for MTC were discussed.
The authors suggested to provide a better service for MTC applying D2D communica-
tion. To this aim, a context-aware algorithm is applied wherein the content of multiple
communicating devices are taken into consideration. Besides, some additional signaling
information is used to adapt configuration for both cellular and D2D users such that
service availability and power saving are guaranteed.

One of the key features that ensure the reliability and latency for uRLLC application
is re-transmission of control and data information when transmission link between the
transmitter and receiver is in poor condition. However, this technique may degrade
the resource utilization efficiency and energy consumption. Authors in [52] proposed
a D2D strategy where an intelligent deterministic relay D2D communication selection
algorithm is used to ensure reliability of D2D communication link while reducing energy
consumption. The proposed algorithm shows a better performance in terms of packet
delivery rate and end-to-end delay compared with an opportunistic method.
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2.3.2 Spectrum based D2D Communication Taxonomy

This section overviews different resource allocation techniques for D2D communication,
considering spectrum allocation methods. The interference among users in out-band
communication, i.e., unlicensed band, is not controllable, and it is difficult to provision
QoS required by uRLLC. Therefore, in our study, we only consider in-band communi-
cation. The in-band communication is further divided into underlay and overlay modes.
In the underlay mode, cellular and D2D communications share the same radio resources.
In contrast, in the overlay, the radio resources are divided into two parts, in which a
part of radio resources is dedicated to the D2D users.

2.3.2.1 Underlay D2D Communication

To date, the majority of state of the art is related to the D2D communication underly-
ing cellular users. By exploiting the underlay D2D, the spectral efficiency is increased.
However, interference between the cellular users and D2D users is the most important
issue that need to be considered. Premium interference mitigation techniques can in-
crease the spectral efficiency and thus have attracted many scholar attention [53], [54],
[9], [55], [11], [56] to name few.

One approach is to share the uplink radio resources between the cellular and D2D
users. In the most state of the art, this approach is more preferred as it is easier
to coordinate interference arising from the users on the cellular network due to lower
transmission power of D2D users. Different techniques are proposed to mitigate such
interference, for example, the authors in [53] proposed to use the measured signal of
downlink control information to estimate the downlink path loss between the BS and
the D2D communication. This way, D2D user will transmit with a lower transmission
power to maintain the imposed interference on the BS below a specific threshold. In
other words, the D2D is not allowed to transmit beyond a certain power level to avoid
interference on the cellular network. However, the interference from the cellular users
on the D2D is not considered. Mutual interference between D2D communication and
the cellular user is considered in [54] wherein the authors proposed two mechanisms
to control interference between the cellular users and D2D users. First, D2D users
can read control information to identify the radio resources that are used by cellular
users. Besides, D2D users can share their minimum interference requirements with
other nearby D2D. This way, the D2D users can adapt their transmission power to
maintain interference on the cellular network below a specific threshold.

In [9], a location-based interference mitigation technique is suggested, wherein all D2D
users use a common, dedicated control channel. The cellular users measure this control
channel Signal to Interference and Noise Ratio (SINR) strength and inform the measured
signal to the BS. The BS then schedules the radio resources that not occupied by D2D
users for the cellular users based on the collected SINR measurements. A similar solution
is proposed in [55], wherein D2D users measure the received signal strength of nearby
cellular users, and the BS ’s database is updated by the collected measurements in a
specific time interval. The BS then avoids to schedule the same resource block(s) for
the D2D and cellular users that are in proximity. This way, the interference from the
cellular users to the D2D user is mitigated.
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A Uniform Interference Power (UIP) allocation scheme is proposed in [56], wherein
the radio resources are shared between D2D users and cellular users. In the proposed
algorithm, the power is assigned to D2D users to impose equal interference into the
cellular users. For this target, all D2D users in a spatial area are mandated to transmit
with specific power to avoid interference beyond a certain threshold on the cellular user.
This way, the spectral efficiency is increased due to multiple reuses of radio resources
while the reliability of the cellular users is guaranteed.

Finally, in [11], a new geographical area, say Interference Limited Area (ILA), is proposed
wherein the resource reuse is not allowed in the hypothetical geographical area. This
way, the cellular users can not share the same resources with D2D users within the ILA,
and thus interference between the D2D and cellular users is deteriorated.

In this section, we have explained different underlay resource allocation techniques pro-
posed by some literature aiming to mitigate interference among the cellular users and
D2D users. Another approach is to split the radio resources between the cellular users
and D2D users to avoid such interference. The next session discusses the overlay re-
source allocation, particularly in D2D communication and describes some state of the
art.

2.3.2.2 Overlay D2D Communication

In underlay D2D communications, cellular users share the resource with D2D users,
which may cause severe interference on the cellular network and D2D users. One way
to avoid such interference is to split the bandwidth between the cellular users D2D
users, i.e., overlay, and allocate a dedicated part of the bandwidth to the D2D users.
Compared to the underlay resource allocation, less attention was paid to the overlay
resource allocation. In this section, we overview some state of the art, focusing on the
overlay resource allocation in D2D communication [57], [58], [59], [60], [61].

In [57], authors considered a multi-cast communication scenario and use D2D communi-
cation to improve network performance. Due to channel impairment, a cluster head in
the multi-cast communication may not receive the data. To address this problem, every
D2D user assists the cluster head user with re-transmission of its measured received sig-
nal. In this work, the number of of D2D communications involving the re-transmission
dynamically changes to maximize the spectral efficiency. The results showed that the
proposed algorithm could improve the spectral efficiency by 90% compared with other
studied scenarios.

Authors in [58] proposed relay D2D communication to extend the coverage and improve
the network spectral efficiency. To this end, an incremental relay is suggested wherein
every D2D communication transmits the message to both the BS and the D2D receiver
simultaneously. In case, the receiver could not decode the message, due to errors, the
BS re-transmits a copy of the message to the receiver. Therefore, this method would
decrease the outage probability of D2D transmission. Although this method uses some
of the downlink resources for re-transmission purpose, the results show that the cell
throughput improves by 40% compared with thereof in the underlay mode.

In D2D communication, different techniques, e.g., mode selection, power control, and
discovery, can play a vital role in service continuity and spectrum efficiency—however,
better performance yields at the cost of the comprehensive measurement information.
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Fodor et al. in [59] examined the challenges in D2D communication and proposed to
use network-assisted resource allocation in D2D communication to mitigate the interfer-
ence between the cellular network and the D2D communication. Besides, it is claimed
that the network-assisted resource allocation could decrease the inefficiencies of D2D
communication in service continuity and peer discovery. In the conventional discovery
method, D2D users disseminate the message in a short interval and monitor multiple
channels, whereby power consumption in D2D communication is increased. To reduce
energy consumption, the BS can configure optimum values for the message broadcast
interval and sensing time window to address inefficiency in the peer discovery and service
continuity. Also, the BS can assist the D2D communication in scheduling and power
control by which the interference among the cellular users and D2D communications is
mitigated.

Authors in [60] adopted overlay D2D communication and proposed a centralized and
distributed location-based radio resource allocation. In the centralized scheme, a cen-
tral scheduler orchestrates resource allocation for all D2D users. Due to half-duplex
communication, in D2D communication, no more than one user sends information at
a one-time instance; otherwise, the D2D transmitters may lose information transmitted
by D2D users in communicating range. Besides, orthogonal resources are allocated to the
D2D transmitters to avoid co-channel interference. However, this way, the centralized
approach poses significant overhead on the cellular network. To avoid such an overhead,
the authors proposed to use several schedulers in different BSs instead of a single central-
ized scheduler. Every scheduler can then assign radio resources to D2D users in specific
cells without considering location information of users in other cells. In addition, the
available radio resources are divided between different cells to mitigate inter-cell interfer-
ence among nearby D2D transmitters in different cells. Both algorithms are evaluated in
terms of resource utilization, time delay, and communication accuracy while considering
the latency and packet errors required by D2D communication. It is observed that the
distributed algorithm performance is slightly worse than the centralized algorithm in
terms of resource utilization.

In [61], Feki et al. proposed a resource allocation algorithm in which Quality of Service
(QoS) parameters are taken into consideration. The ant colony optimization method
was adopted and applied to fulfill the QoS requirements. Simulation results reveal
the superiority of the proposed algorithm in terms of sum rate and packet delivery
rate in less-dense traffic scenarios compared with the location-based resource allocation
algorithm as a baseline. However, in the case of a dense traffic scenario, the algorithm
performance is degraded in terms of the packet delivery rate and sum-rate compared
with the baseline algorithm.

2.3.3 D2D-based Vehicular Communication

Vehicular communication is one of the prominent vertical applications for D2D com-
munication and has attracted much attention from the research community recently.
In LTE, D2D-based V2X communication is a cornerstone for the realization of an in-
telligent transport system (ITS) and also facilitates autonomous driving in the future.
In [62], different use cases are defined as for V2X services in which the services are clas-
sified into safety and non-safety messages. According to 3GPP standardization in [62],
the safety based use cases are classified into different categories concerning the following
parameters:



Chapter 2. Context and Related Work 20

� Velocity: the maximum velocity of 500km/h is supported.

� Communication range: an effective distance wherein enable a driver to avoid col-
lision according to relative velocity.

� Latency and reliability: Maximum end-to-end delay which can be supported by the
application layer. The reliability is capability of communication link wherein two
communicating users can transmit and receive a message without re-transmission
according to application latency requirements.

� Message size: variable size of periodic and non-periodic traffic that the application
layer generates between two communicating users.

The safety applications aim at reducing the probability of collision and accident for
vehicular and vulnerable users, e.g., pedestrian and cyclist, and thus demanding high-
reliability and low-latency communication. On the other hand, the non-safety applica-
tions focus on the applications whose service provides an efficient driving experience and
comfort for the users. For example, it can facilitate traffic density or assist vehicular
users in different driving situations.

2.3.3.1 Physical Channels Structure in LTE and NR V2X

As explained earlier, SC-FDMA has been chosen as a waveform for the LTE V2X wherein
up to 20MHz bandwidth is supported. The bandwidth is divided into subframes, re-
source blocks (RBs), and subchannels. The subframe is 1ms long, and an RB is the
smallest unit of resources in the time and frequency domain that can be assigned to ev-
ery user. In the frequency domain, the RB spans 180kHz, i.e., 12 subcarriers of 15kHz,
and a group of RBs is defined as a subchannel assigned to every user depending on the
traffic payload and radio channel conditions. The traffic data is transmitted in Transport
Blocks (TBs) over Physical Sidelink Shared Channel (PSSCH), and Physical Sidelink
Control Channels are used to transmit the Sidelink Control Information (SCI) from the
transmitter user to the intended receiver users [19]. This control information is essential
to be received by the intended receiver so that the receiver be able to decode the TB
correctly. To be more specific, in LTE V2X, depending on the location of the SCI and
its associated TB, two physical sub-channel structures are defined (See Figure 2.5):

� Adjacent PSCCH + PSSCH: The first two RBs of the configured sub-channel
are dedicated to SCI. The remaining RBs within the sub-channels are utilized for
TB transmission, wherein the sub-channel size varies depending on the traffic size.

� Non-Adjacent PSCCH + PSSCH: The RBs are divided into two pools, where
the first pool size consists of two RBs to be used for SCI transmission only. The sec-
ond pool is reserved for TBs transmission and may comprise several sub-channels
when it is configured.

Quadrature Phase-Shift Keying (QPSK) and 16-Quadrature Amplitude Modulation (16-
QAM) are used for the TB transmission, whereas the SCI is transmitted on QPSK
modulation. Also, LTE V2X uses turbo coding and normal cyclic prefix. And, one RB,
i.e.,12 subcarriers, has 14 symbols in the subframe, which between two and four symbols
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are dedicated to Demodulation Reference Signal (DMRS) depending on the velocity of
the vehicle to combat the Doppler effect [19].
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Figure 2.5: Physical sub-channel structure in LTE V2X communication.

The NR V2X supports different numerologies from subcarrier spacing (SCS) of 15kHz
to 60kHz in FR1 (below 6GHz) and SCS of 120kHz in FR2 (between 6GHz up to
52.6GHz) [19]. Furthermore, in NR V2X, cyclic prefix OFDM (CP-OFDM) is used
wherein the control and data information are multiplexed in the time domain, i.e., Time
Division Duplex (TDD). Similar to LTE design, PSCCH, and PSSCH are utilized to
carry the sidelink control information and data with different that the PSCCH and as-
sociated PSSCH are transmitted together in the same subframe. The first symbol of the
subframe is utilized for automatic gain control (AGC) to adapt the received signal level
at the receiver side accordingly. A new Physical Sidelink feedback Channel (PSFCH) is
specified in NR V2X to guarantee reliability for unicast and group cast communication.
To this purpose, the last symbol in the subframe is reserved to carry an acknowledgment
or negative acknowledgment signal when the feedback is configured for a resource pool.
Furthermore, channel quality information (CQI) may carry on the feedback channel for
efficient link adaptation. The PFSCH are only (pre-)configured in every 1, 2, or 4 sub-
frames. Figure 2.6 and 2.7 illustrate two examples in which PSCCH and PSSCH are
multiplexed in a subframe (slot) in NR V2X communication for the case PFSCH is not
configured or is configured in the physical channel structure, respectively.
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tive example of a slot with 3 symbols PSCCH, 3 symbols PSSCH-DMRS, and PSFCH.

2.3.3.2 LTE and NR V2X Resource Allocation

Thanks to the scarcity of valuable radio resources and the essence of vehicular com-
munications, the diversity of radio resource allocation techniques are used to guarantee
the reliability and latency required by the safety and non-safety use cases. In LTE, two
modes, Mode 3 and Mode 4, have already been standardized for V2X communication
with a focus on which entity is involved in the resource allocation mechanism. In Mode
3, the BS allocates the radio resources to the vehicular users. This way, the reliability
and latency requirements of the applications are ensured. However, the users should be
in a communication range of the network, i.e., in-coverage scenario. Another approach
is autonomous resource selection, i.e., Mode 4, wherein all vehicular users perform sens-
ing and select radio resources based on the recent sensing measurement and periodically
indicate their selected resources through control information that other nearby users can
use for the resource selection procedure. Mode 4 is generally applied when the vehicu-
lar users are outside of network coverage, i.e., out-of-coverage, or the resource selection
procedure load is offloaded from the network to the users.
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The autonomous resource allocation in LTE V2X communication, i.e., Mode 4, is per-
formed based on the energy-sensing, wherein every UE monitors the energy of resource
over frequency and time domain. In the frequency domain, the granularity of resource
allocation is radio resource block(s) or sub-channel(s), whereas, in the time domain,
energy-sensing is undertaken at the slot-basis. A radio resource is considered as a busy
channel if Received Signal Strength Indicator (RSSI) of the sub-channel (s) is higher
than the RSSI threshold configured by the BS, and thus it is excluded from the can-
didate resource list to avoid any collision. Afterward, the UE selects radio resource
(s) from the candidate resources randomly depends on the size of the arrived packed
and transmission parameters. The sensing window in LTE is 1000 subframes [63], in
which the recent subframes before the packet arrival time are monitored. Suppose a
user has a packet at a time instance of n, the user considers those sensing sample be-
tween n and n − 1000 with a constant step of 100ms and makes a list of candidate
frequency/time resources whose the RSSI average are lower than the configured RSSI
threshold. Next, a vehicular selects sub-channel(s) in a time interval between n+ T1 to
n + T2, i.e., resource selection window. In the selection window, n and T1 are packet
arrival time instances and packet processing time that a UE needs to be prepared for
the data transmission. Packet delay budget T2 determines an upper bound for time
that the UE is allowed to buffer a packet before transmission. Finally, the transmission
frequency/time resource(s) is randomly selected from the selection window. When the
number of frequency/time radio resources is less than 20% of the entire radio resources,
the received signal strength threshold increases by 3 dB, and the radio selection process
are repeated. Figure 2.8 shows the autonomous resource selection timings procedure
for LTE V2X communication.
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Figure 2.8: Mod4 resource selection based on energy-sensing in LTE V2X communi-
cation.

Similar to LTE V2X communication, two modes of resource allocation, i.e., Mode 1
and Mode 2, are specified for NR V2X. In Mode 1, gNodeB (gNB) grants the radio
resources to every vehicular user who is in its communication range. For this purpose,
the gNB signals the granted radio resources to a specific vehicular user either through
a higher layer signaling, i.e., radio resource control (RRC), or a physical layer signaling,
i.e., downlink control information (DCI).
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In Mode 2 resource selection of NR V2X, every user performs sensing on the configured
radio resources without involving a gNB. A vehicular user uses the recent sensing
information to select the radio resources and then indicates the reserved resources and
transmission parameters by a two-stage sidelink control information (SCI) [64]. This
information helps other nearby users to avoid selecting the already reserved resources.
In the two-stage SCI, the time-frequency of the reserved resources is indicated by the first
stage SCI. All vehicular users performing sensing are mandated to decode the first stage
SCI to maintain the reserved radio resources record in the recent past. Besides, some
specific information, namely, the second stage SCI format, is indicated by the first stage
SCI to reduce processing time due to blind decoding [64]. Note that the second stage
of two-stage SCI is sent together with the data channel, i.e., physical sidelink shared
channel (PSSCH), on which some additional information like source and destination
addresses are conveyed [64].

Figure 2.9 depicts the timeline of sensing and resource selection in Mode 2 with respect
to resource selection triggering time instance, τa. The vehicular user considers an interval
containing Ns samples, i.e., sensing window, τa− τs from the recent past measurements.
The sensing window is configured differently, i.e. 1100ms and 100ms for periodic and
aperiodic traffic, respectively.

The vehicular user decodes the first stage SCI received during the sensing measurement
and excludes all reserved sub-channels that are indicated in the first stage SCI. Note
that, due to half-duplex communication, a vehicular user can not transmit and receive si-
multaneously; thus, the vehicular user also excludes those time-frequency resources that
can not be monitored during its transmission. Then, the vehicular user selects resources
for its transmission from the selection window that starts immediately after τa + τproc
and cannot be longer than the maximum packet delay, τMAX . The number of the radio
resources in the selection window should be equal to or greater than 20 % of total avail-
able resources NTotal; otherwise, the received signal threshold is incremented by 3dB,
and the procedure is repeated.

Note that for periodic traffic, a set of time-radio resources are selected for a specific time
duration, i.e., semi-persistent scheduling. In contrast, for aperiodic traffic, a maximum
of four time-radio resources, including re-transmissions, are allowed to be selected [65].
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Figure 2.9: Time-line of sensing-based resource selection in NR-V2X communication,
when re-evaluation feature is not configured [19].

Many researches have been undertaken with a focus on the network-centric resource
allocation approach that in what follows, we discuss the few of them.
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Authors in [66] cast the radio resource allocation and power control problem as an opti-
mization problem considering reliability and latency required by V2X communications.
A Separate resOurce bLock and powEr allocatioN (SOLEN), say SOLEN, is proposed
applying the Hungarian and interior point method or Newton’s method to solve it op-
timally. In this way, even though the proposed SOLEN method is heuristic by dividing
the whole process into two stages, the optimal solution for each stage could be achieved,
which to some extent, promises good performance of the SOLEN algorithm. The nu-
merical results show the superiority of the SOLEN algorithm over other algorithms in
terms of the total sum rate.

A stringent resource allocation algorithm is required to assign radio resources to the
platoon members who are asking for radio resources such that fulfill the QoS required
by the car platooning use case. To this aim, authors in [67] proposed two radio re-
source scheduling algorithms through which radio resources are dynamically allocated
to the platoon members taking into consideration reliability and latency requirements.
In particular, the proposed algorithms consider cooperative awareness messages within
platoon members, where all platoon members are in a coverage area. However, the pro-
posed algorithms seem dysfunction when the platoon members are in an area that is
delimited by the network infrastructure, e.g., in Tunnel. In [68], it is proposed to divide
the radio resources based on the service priority. To this aim, part of the radio resources
is reserved for the services that can not be pre-scheduled, e.g., emergency brake. The
authors considered the number of vehicles and the size of the out-of-coverage area as two
parameters that assist the network controller to predict the number of radio resources
required for the emergency.

The current sensing-based autonomous resource selection specified in 3GPP is a promis-
ing approach that assists in mitigating the message collisions in LTE and NR V2X
communication and accommodate latency and reliability required by the applications
mentioned earlier. To show the efficacy of sensing-based radio resource allocation, some
state of the art are outlined in the following:

Authors in [69] proposed to enhance the radio resource selection by embedding piggy-
back messages on the periodic safety message. The piggyback message indicates the next
starting resource location in time-frequency domain. This way, the nearby users avoid
transmitting on the same time-frequency resources, which results in collisions reduction.
Although the proposed scheme incurs some overhead due to the inclusion of the piggy-
back information, the achieved reliability outweighs the bandwidth cost, especially for
the future vertical applications with stringent reliability requirements [1].

In [70], Yang et al. proposed a new resource selection algorithm for the urban V2V com-
munications scenario. More specifically, a Vehicular User Equipment (VUE) performs
radio resource selection in two stages. At the first stage, the VUEs are classified based
on the heading direction of the vehicles. Then, the sensing-based collision avoidance
mechanism is applied. The proposed two-stage autonomous resource selection scheme
shows a significant performance gain compared with the existing algorithms.

Transmission power also plays a prominent role in vehicular communications. Authors in
[71] proposed an adaptive power control mechanism though which each vehicle exploits
the sensing information to control the power transmission. The vehicle has an energy-
sensing result larger than a specified received signal threshold, chooses the smallest
transmit power. Simulation results show the superiority of the proposed algorithm in
terms of packet reception ratio compared with the other studied algorithms.
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In [72], the authors proposed a radio resource allocation algorithm for V2V communica-
tions in case of out-of-coverage areas that are delimited by the network infrastructure.
A MAP-RP scheme is proposed wherein the map of resources is embedded in the radio
resource selection procedure. Results show up to 20% better packet reception ratio in
the proposed algorithm compared with two sensing-based benchmark algorithms.

Authors in [73] proposed a cluster-based resource allocation scheme wherein a cluster
head performs sensing on a resource set and reserves the resource set. To be more
specific, the cluster head is able to assign its selected resources to its cluster members.
Although the proposed algorithm incurs some signaling overhead, it shows a better
performance compared with the resource selection algorithm in LTE for both in-coverage
and out-of-coverage scenarios.

In [74], authors presented multi-dimensional discrete-time Markov chain (DTMC) based
model to address autonomous resource selection problem in cooperative awareness mes-
sage in LTE based V2V communication and IEEE 802.11P standard. The DTMC model
consists of a dependent node model, a queuing model, and traffic generators, wherein
closed-form solutions can be obtained on a limited number of iterations. The two tech-
nologies are compared in terms of the average delay, the collision probability, and the
channel utilization. The results show that IEEE 802.11p is superior in terms of average
delay, whereas V2V Mode 4 outperforms in collision resolution.

Resource allocation and power control have been the main research topics in V2X com-
munications, where the goal is to optimize spectral efficiency, reliability, latency, and
energy efficiency. Authors in [75] propose a joint resource allocation and power control
method to optimize energy efficiency for electric cars. The results show the proposed
method can be effective in certain scenarios, e.g., when every vehicle satisfies a mini-
mum rate requirement. Authors in [76] propose a new resource allocation method for
delay-tolerant applications with energy efficiency and latency constraints. The method
is implemented in a two-step algorithm, where in the first step, optimal power is al-
located while relaxing the latency constraint. Then, the radio resources are allocated
when both latency and energy consumption constraints are satisfied.

2.4 Optimization Methods for Radio Resource Allocation

This section discusses some optimization methods to address the resource allocation
problems in D2D communications. Specifically, we discuss the bipartite graph in graph
theory by which the relation between two different classes of objects can conveniently be
described and modeled. To this aim, we first explain the basic concept of graph theory
and briefly discuss the basic approaches and some applications. Applying the graph
theory to resource allocation is not a strange idea. However, this concept is scattered
in the literature that mostly done in Adhoc manner and cognitive radios. We discuss
the state of the art that is associated with the radio resource allocation problem in D2D
communications, particularly by leveraging bipartite graphs in Section 2.4.1.

The auction theory consists of a set of well-defined mathematical tools wherein enable to
resolves of interaction among independent players and predict the strategy that is taken
by every individual player. Those features put the auction in a prominent place within
microeconomics and game theory. In D2D communications, all users can compete and
cooperate in selecting of the radio resources. Therefore, resource allocation and access to
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the radio resources in D2D communications can be considered an auction in the market.
The auction theory provides useful mechanisms for resource allocation problems in D2D
communication. Notably, in a distributed resource allocation, auctions can minimize
messages exchange among the different D2D users. Thus, the auction theory seems to
be a viable solution, especially for cooperative D2D communication. In Section 2.4.2, we
first introduce the scope and detail of the auction theory, and then some related state
of the art is discussed.

2.4.1 Bipartite Graph in Graph Theory

This section lays the foundation of resource allocation study in D2D communication
by defining the graph theory. The fundamental terminologies of graph theory that are
described here are also used as a base for the algorithm developed in Section 3.6.3.

A graph consists of three finite sets, U , V , and E. Element U and V are called vertices.
The edge E represents a connection between a pair of vertices. For instance, the U and
V might be { a, b, c, d }, and {e, f , g, h} respectively. The element E might be {{a,f},
{b,g}, {d,h}}. The elements U , V , and E, are a graph G.

There is no unique drawing a graph; the graphical presentation is used to define different
concepts in graph theory. Figure 2.10 illustrates an exemplary representation of the
graph G.
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Figure 2.10: An illustration of graph theory.

Some of the definitions in the graph theory are described as follows:

Definition 2.4.1.1. A graph has a loop when two vertices of an edge are identical, i.e.,
E = (U,U) or E=(n, V ). An edge of graph G is multiple edges if it appears numerous
times in the edge family of the graph. If a graph does not form loops or multiple edges,
it is a simple graph.

Definition 2.4.1.2. Two vertices U and V of a graph G are adjacent when there exists
at least one edge joining them together, and the vertices are incident with that edge.
Similarly, two distinct edges are adjacent when there is a common vertex for both edges.

The Figure 2.11 represents the illustration of adjacent vertices and adjacent edges.
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Figure 2.11: Illustration of adjacent vertices and edges.

It is worthy of mentioning that a simple graph is a complete graph when each pair
of distinct vertices are adjacent. The complete graph on n vertices by n(n−1)

2 edges.
Figure 2.12 exemplifies the complete graph with 5 vertices.

Figure 2.12: Illustration of complete graph.

Definition 2.4.1.3. The graph family G is a bipartite graph, if the vertices of a graph G
is divided into two disjoint vertices, U and V , wherein an edge connects a vertex in set
U to a vertex in set V .

Alternatively, Bipartite graph vertices can be shown with black, and white color wherein
every white vertex in U is joined the black vertex in V by an edge indicated in E. A
Bipartite graph is a complete graph when all vertices in U are fully connected to all
vertices in V by edges. Figure 2.13 denotes a complete bipartite graph with 3 black
vertices and 4 white vertices.
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Figure 2.13: Illustration of complete Bipartite graph with three and four vertices.

The bipartite graph can be used to model many problems, e.g., assignment problems.
Such problems aim to maximize the number of edges whose not share the same endpoint,
i.e., matching. The matching concept in the Bipartite graph is defined as follows:

Definition 2.4.1.4. Two edges of a bipartite graph are said to be independent when they
have no common end vertex and loop. A matching is a set of separate pair edges of a
graph. A matching with maximum cardinality is called maximum matching.

It is worth mentioning that a graph with maximal matching is different from a maximum
matching. The maximal matching in the Bipartite graph is matching with the property
that if any edge is added, it would not be a matching anymore. In contrast, a maxi-
mum matching contains the most significant possible number of edges. The Edges with
red color in Figure 2.14 exemplifies the difference between the maximum and maximal
matching in the graph theory.

Figure 2.14: An illustrative example of (a) Maximal matching (b) Maximum
matching in Bipartite.

In continuation of the Bipartite graph definition, the alternating and augmenting path
in the matching are explained as follows: The alternating path is a path that starts
at an unmatched vertex and then continues, alternately, edges from not matching and
matching. The alternating path that ends in an unmatched vertex is an augmenting
path. Note that in a practical search, we start with matching and keep applying aug-
menting paths until an optimal matching is achieved. This way, algorithmic complexity
of finding such a matching is reduced to an augmenting path exploration.

Another version of matching is weighted matching wherein every edge in the graph is
weighted by a specific value, e.g., utilization rate. The objective of unweighted and
weighted matching are different. The unweighted matching aims to find the largest
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number of edges, while in the weighted matching, the aim is to find a matching with the
largest total weight. In a weighted bipartite graph, the matching problem is cast as a
maximum weighted bipartite matching or assignment problem, wherein the Hungarian
method is envisioned as a canonical solution to address the assignment problem [77].

The section continues to review state of the art in the context of graph theory with a
focus on radio resource allocation in the V2X communications.

Authors in [78] proposed a two stages algorithm wherein radio resources and power
are allocated to both vehicular and cellular users. Firstly, they applied a water-falling
method to assign power equally to both vehicular and cellular users. The orthogonal
radio resources are shared between the cellular users and vehicular users, which can
increase interference among the users. Then, the radio resource allocation problem is
transformed into a maximum weight matching problem in a bipartite graph. In the
bipartite graph, the users are sharing resources place in one disjoint vertex of the graph,
and the radio resources are considered as another vertex. They use the Hungarian
method to address the problem. Secondly, the transmit power is converted into a convex
problem and then is adjusted for both vehicular and cellular users through an interior
point method. The results reveal a slightly better performance of the proposed scheme
compared to the other studied algorithms.

Authors in [79] proposed a graph-based resource allocation algorithm for broadcast V2V
communications aiming to maximize the sum-rate of the network. The vehicles and ra-
dio resources form vertices and the edges of the bipartite graph. Besides, the edges of the
graph are weighted with the achievable throughput associated with the perceived SINR
of every vehicle. Then, the vehicular users are divided into different clusters wherein
the orthogonal radio resources are allocated within the cluster. Moreover, the radio
resource between the two clusters can be reused. In this way, the resource allocation
conflict among the vehicular users is reduced, and an optimum solution through maxi-
mum matching in bipartite graph yields. Analytical analyses show the optimality of the
proposed algorithm in terms of the sum-rate.

In [80], a radio resource allocation algorithm is proposed, wherein QoS requirements for
both V2I and V2V users considering QoS are taken into consideration. The resource
allocation problem is cast mathematically as a sum ergodic capacity maximization for
cellular users while ensuring the reliability for all V2V users. The authors first model
the problem with a Bipartite graph and apply the bisection search and the Hungarian
methods to achieve the maximum ergodic capacity.

Authors in [81] proposed a geography-based resource allocation algorithm in which the
impact of boundary interference and vehicle density are taken into consideration. Firstly,
a geographical area is divided into different groups, and all vehicle members are decided
based on a set of defined rules. Then, the geographical area selection is transformed into
a matching maximization problem in a bipartite graph, which can be addressed by the
classical Kuhn-Munkres algorithm, as mentioned earlier.

2.4.2 Auction Theory

This section first explains the basic concept and elements of auction theory, whose
principle is used for the algorithm, developed in Section 3.6.4. The auction theory in a
Bipartite graph theoretic-model is then described. Besides, the optimization methods
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and some applications are discussed. Finally, the state of the art with a focus on auction-
based radio resource allocation is represented.

An auction has different forms that are mainly characterized by universality and anonymity.
In other words, the auction may be used to sell every good no matter who is the bid-
ders. An auction is generally characterized by a set of rules that govern the sale and
buy of an object. For example, in a standard auction, the participant with the highest
bid would win the auction. On the contrary, in a non-standard auction, regulations
are ruled differently, and not nearly the regulations in a conventional auction should be
followed [82]. In the following, four types of conventional auctions are defined.

Definition 2.4.2.1. First-price auction: It is an auction wherein the object is sold to
those who paid the highest bid. Alternately, in a procurement auction, a bidder who
submits the lowest bid is considered as a winner. In first-price auctions, bidders submit
bids simultaneously, i.e., sealed-bid. Also, bidders show a bid value more moderate than
their actual value.

Definition 2.4.2.2. Second-price auction: An auction where the bidder who presented
the most noteworthy bid is granted the item being sold and follows through on a cost
equivalent to the second most elevated sum bid. On the other hand, in an acquirement
sell-off, the winner is the bidder who presents the most reduced bid and is paid a sum
equivalent to the next least submitted bid. Practically speaking, second-price auctions
are either sealed-bid, in which bidders submit offers concurrently or English auction, in
which bidders keep on raising each other’s proposals until just a single bidder remains.
The casual comfort of second-value auctions first called attention to by William Vickrey,
is that offering one’s actual value is a prevailing procedure. Then again, first-value
auctions likewise grant the item to the most elevated bidder; however, the payment is
equivalent to the sum bid.

Definition 2.4.2.3. English auction: English auction is a kind of consecutive second-
price auction in which an auctioneer guides contributors to beat the present standing
bid. New bids must expand the current offer by a predefined increase. The auction closes
when no contributors are eager to outbid the present standing offer. At that point, the
contributors who put the current offer is the winner and pays the sum offer. An English
auction, where the most noteworthy bidder pays the sum offer, is named a second-value
sell-off since the triumphant bidder needs just outbid the following most elevated bidder
by the base addition. Hence, the victor adequately pays a sum equivalent to (marginally
higher than) the second most elevated offer.

Definition 2.4.2.4. Dutch auction: A sort of the first-price auction in which a ”clock”
at first demonstrates a cost for the article available to be purchased generously higher
than any bidder is probably going to pay. Afterward, the clock step by step diminishes
the cost until a bidder ”Hum in” or shows their readiness to pay. The auction is then
finished up, and the triumphant bidder pays the sum thought about the clock at the
time the individual in question halted the procedure by ”Humming in”. These auctions
are named after a typical market instrument for selling blooms in Holland; however,
they likewise reflect stores progressively decreasing costs on particular things.

Most auction hypothesis spins around these four ”standard” auctions sorts mentioned
previously. Be that as it may, other auction types have likewise gotten some scholarly
investigation as the following.

Definition 2.4.2.5. Japanese auction: A kind of consecutive second-value auction,
like an English auction in which an auctioneer routinely raises the present price. The
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participants must show a signal at each price level their readiness to stay on the auction
and pay off the current cost. Hence, in contrast to an English auction, every participant
must offer at each level to remain in the auction. The sale closes when just a single
bidder demonstrates her ability to remain inside the auction. This auction design is
otherwise called the button auction.

Definition 2.4.2.6. All-pay auction: Bidders place their offers in sealed envelopes and,
at the same time, hand them to the auctioneer. The envelopes are opened, and the
person with the most elevated offer successes, following through on a cost equivalent to
the certain sum that the individual in question offers. All losing bidders are additionally
required to pay to the auctioneer comparable to their offer in an all-pay auction. This
auction design is non-standard, but it may be utilized to comprehend things, for example,
political competitions or queuing for rare items. The most direct type of an all-pay
auction is a Tullock auction, in some cases called a Tullock lottery, wherein everybody
presents an offer that both the defeated persons and the victors pay their submitted
offers. The auction is instrumental in portraying specific thoughts in open decision
financial aspects. The dollar auction is a two-player Tullock auction, or a multiplayer
game, in which just the two most remarkable bidders pay their offers. Different types
of all-pay auction exist, for example, the war of attrition, where the most noteworthy
bidder wins, yet all (or both, all the more commonly) bidders pay just the lower offer.

Definition 2.4.2.7. Unique-bid auction: A kind of technique game identified with
customary auction in which the victor usually is the person with the most reduced
exceptional offer, albeit less regularly the auction standards, may indicate that the
unique outstanding offer is the victor. One of a kind offer auction is typically utilized
as a type of rivalry or lottery.

Definition 2.4.2.8. Generalized second-price auction (GSP): A non-honest auction
technique for various things, the first idea of as a natural extension of the Vickrey
auction, it does not preserve some significant properties of the Vickrey auction. It is
utilized predominantly with regards to keyword auctions, in which guaranteed search
slots are sold on an auction basis.

In all the above auction mechanisms, a bidding strategy has an important rule to achieve
equilibrium among all bidders. In a game with private information, the bidding strat-
egy is a mapping from a player’s private information to his action. For example, in a
sealed bid auction, the secret information is the player’s value, and the action is the bid
submitted. In other words, the bidders with the higher costs are tending to pay more
to win; thus, mapping from value to bid is ascending. This mapping for a bidder can be
written as follows.

b = B (v) , (2.1)

where b is a biding value and Bi and vi are mapping function and value respectively. We
will think about games in which there is no known discrimination among the bidders.
Most of the time, we will assume that the strategies of the various bidders are the
equivalent.

A list of the strategies of the n bidders is defined as a strategy profile. Given complete
information, a strategy profile {Bi (vi) , ..., Bn (vn)} is an equilibrium of the game if every
bidder’s strategy increases his benefit when the others are playing as indicated by the
strategy profile. Each strategy is a ”best reaction” to the others’ strategies.
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Figure 2.15: An illustrative example of equilibrium bid strategy function.

Figure 2.15 shows a illustrative example of equilibrium bid strategy function. We will
show that there is a unique symmetric equilibrium bid function. Given than w (v) to be
equilibrium probability for a buyer having value v. The buyer loses the auction when
other buyers propose a higher equilibrium bid than others. Given that the probability of
a tie situation is negligible, the probability of buyer winner i is equal to the probability
of all other buyers that have lower values. Note that, the probability that buyer j
has a lower value is Pr{vj ≤ vi} = F (vi). As a result, the equilibrium probability
for two players are equal to w (vi) = F (vi)

2. In the auction, payoffs are defined as an
expected profit of a player based on the bidding strategy function. Let U (v) be a buyer’s
equilibrium expected payoff and is the win probability times the gain v− b (v) when the
buyer wins. As a result, the payoff can be formulated as follow.

U (v) = w (v) (v − b (v)) . (2.2)

Where the first term denotes the equilibrium payoff of a buyer on the value v, and the
second term represents the buyer pays the price. Note that the cost is paid by the buyer
is the expected revenue of the seller.

We close this section by reviewing of the radio resource allocation as a prospect applica-
tion in the auction theory. To this aim, we look into some state of the art in the context
of the radio resource allocation employing the auction theory [83], [84], [85], [86], [87].

In [83], the authors proposed an optimal spectrum assignment mechanism that is char-
acterized by incentive compatibility, fairness, efficiency, benefits maximization, and com-
putational manageability. To that aim, an auction-based approach is proposed wherein
ever user equipment UE submits its demanded bandwidth by the BS. The BS duty is
to design the allocation strategy through auction theory, e.g., pricing rule, to maximize
the accrued benefit.

Authors in [84] investigated in the amenability of Game theory in radio resource alloca-
tion for D2D communications. The non-cooperative and cooperative behavior of mobile
users in the context of D2D communication underlaying cellular networks is analyzed.
The authors outlined that a non-cooperative game and auction game models are suit-
able to address the resource allocation problem in direct D2D communications. Also,
they propose a cooperative game among mobiles to solve the radio resource allocation
problem for a group of D2D users that forms a local area network.
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In [85], the authors proposed an auction-based distributed approach by which the ra-
dio resources are allocated for D2D communications. The complexity and optimality
of the proposed solution are discussed, and the applicability of the proposed scheme
in a practical system is examined. The auction-based resource allocation depends on
the offering procedure whereby the agents (i.e., underlay transmitters) make their offer
on the resources (e.g., RB and power level). Every transmitter offers a price for the
resources depending on the costs (e.g., the interference caused to the cellular users) of
the desired resources. The ideal task depends on the suitable determination of the offers
- the unassigned transmitters raise the cost of the desired resources and increase the
price accordingly. At the point when the offers of all transmitters are accessible, the
resources are allotted to the most elevated bidder. The results showed that the proposed
solution has enough tightness to the achievable data rate while having less complexity
and minimum involvement of the central controller node.

Xu et al [86] discussed a radio resource allocation approach for D2D communication
underlying LTE downlink network. The authors introduced a new radio resource allo-
cation employing a reverse iterative combinatorial auction wherein all radio resources
are considered as a commodity. In the proposed algorithm, the bidders first contend
for the radio resources while excluding the D2D users from the auction. This way, the
valuation of each radio resource is obtained. Next, a non-uniform descending price auc-
tion algorithm is applied considering the channel gain of the D2D communication and
the imposed cost on the cellular network. Also, the proposed algorithm is examined in
terms of time-complexity and cheat-proof. Simulation results demonstrated the efficacy
of the auction-based resource allocation algorithm in terms of the sum-rate.

In [87], Huang et al. proposed a cooperative radio resource allocation scheme based on
the auction theory. The authors consider the Signal to Noise Ratio (SNR) and the trans-
mission power of every user as a commodity in an auction mechanism wherein the relay
power allocation among users is coordinated in a distributed manner. The uniqueness of
Nash equilibrium in both auctions is examined through the non-negative matrix theory.
Besides, it has been appeared to accomplish the power auction efficiently. Furthermore,
the SNR auction has been believed to be adaptable in accomplishing different trade-offs
among faintness and efficiency, relying upon the priority weight. Moreover, it has been
demonstrated that users can accomplish one of a kind Nash equilibrium in a distributed
and asynchronous style. It has been additionally indicated that the primary properties
of the two auctions are relevant for networks with various relays in different areas.

2.5 Summary

As preparation for the detailed discussion of the thesis contributions, this chapter has
outlined the fundamental literature that relates to the rest of the thesis. The short-
ening TTI and D2D communication are introduced by which the uRLLC application
requirements can be fulfilled. In D2D communication, Overlay and Underlay resource
allocation are described. Specifically, in the Overlay D2D communications, autonomous
radio resource allocation in V2X communications is explained, and the related state-
of-the-art are described. Finally, Graph and Auction theory are explained, and the
literature to date considering the Bipartite Graph- and Auction-based resource alloca-
tion are explained.
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This chapter introduces the framework of the sub-granting radio resource approach in
overlay D2D communication. The structure forms the basis for the performance evalua-
tion presented in the subsequent Chapters. Starting with an introduction to motivation
for proposing the sub-granting scheme, we continue in the second and third sections to
discuss the pros and cons of different scenarios and explain the system model consid-
ered for the sub-granting scheme study. Section 3.4 explains the design aspect of the
sub-granting scheme, wherein the necessity of modifications in the physical layer and
developing new algorithms in Media Access Control (MAC) layer for transmitter and
receiver are discussed. The shortening TTI advantages in latency reduction inspire us

35
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to enhance the algorithms at the transmitter and the receiver aiming to reduce the data
transmission time and overhead between two communicating devices while utilizing the
sub-grant scheme. Further information corresponding to the proposed enhancement in-
spiring from the shortening TTI is explained in Section 3.5. Section 3.6.1 describes the
principle of operation of the sub-granting scheme. In the sub-granting scheme, the ben-
eficiary user selection problem is formulated as an uplink cell throughput maximization
problem. Section 3.6.2 discusses the beneficiary user selection problem and proposes a
dedicated and an open sub-granting algorithms employing the maximum matching in
the Bipartite graph and the Auction theory to address the problem mentioned earlier.

3.1 Introduction

The LTE sidelink is an adaptation of the core LTE standard that allows direct com-
munication between two LTE devices without going through a BS. The LTE sidelink
was defined by 3GPP in Release 12 as a standard that can be used for public safety
communications. Figure 3.1 illustrates an access stratum protocol stack for user plane
in the sidelink interface, i.e., PC5 interface, consisting of Packet Data Convergence
Protocol (PDCP), Radio Link Control (RLC), MAC, and Physical (PHY) in the LTE
technology. Further detialed about functionalities of different layer are decribed in [88].
In the previous chapter, a comprehensive literature survey on D2D focusing on the over-
lay radio resource allocation algorithms was undertaken, and the pros and cons in this
regard were discussed. Considering semi-persistent scheduling in the overlay D2D com-
munication, we endeavor to investigate the radio resource allocation avenues to increase
spectral efficiency in the LTE network.

The M2M is envisioned as one of the widespread applications in LTE and future wire-
less communication whose generated data is relatively small, i.e., the payload length of a
single transmission ranging between 10 to 50 Bytes (See Table 3.1) [89]. However, LTE
currently fails to efficiently utilize the available communication resources as the gran-
ularity of the allocation is too coarse. Therefore, with any possible MCS, a typical
transmission of a M2M application may not fully occupy the minimum radio resource
block size that needs to be allocated to a single user. As a consequence, valuable radio
resources would be wasted in the current radio networks, in case of multiple deployed
M2M applications.

Just recently, the idea to allocate resources below subframe basis, i.e., shortening the
length of a TTI to 0.5ms or even a single OFDM symbol, was introduced in [90] and
[91]. We follow up with this idea and propose a novel resource reuse scheme on a sub-
grant basis. For instance, partially or fully unutilized grants that were initially reserved

Table 3.1: Example of M2M closed-loop control application requirements [89].

Application Type Packet size [Byte] Cycle time [ms]

Printing Machines 30 2

Machine Tools 50 0.5

Packaging Machines 15 5

Sensor actuator 20 not specified
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for a D2D communications, i.e., sub-grant provider user, are granted to D2I-UEs, i.e.,
the beneficiary user. This way, we increase the D2I-UE throughput with unused D2D
resources, which would otherwise be wasted.

Our scheme is based on the assumption that in each transmission interval, the sub-
grant provider user is aware of the unoccupied-scheduled resources. Besides, the sub-
grant provider user utilizes a small portion of the allocated radio resources to indicate
the free symbols to a nearby beneficiary user in order to use the remaining portion of
the scheduling grant. This way, we increase the overall cell throughput in the cellular
network. Also, in this chapter, we overview the requirements, problems, and procedures
to realize the sub-granting scheme in LTE technology. To this aim, we first take a
short look into the current sidelink communication in LTE technology to identify the
requirements and changes needed for the realization of the sub-granting scheme in the
sidelink protocol layers.

PDCP

RLC

MAC

PHY

UE-A

PDCP

RLC

MAC

PHY

UE-B

Sidelink (PC5-U)

Figure 3.1: Visualization of user plane sidelink protocol layer in LTE technology.

3.2 Possible Scenarios in Sub-granting Scheme

We analyze different sub-granting scenarios considering the communication type for
beneficiary users and sub-grant provider users. The sub-grant provider user and the
beneficiary user could be either D2D or D2I communication, whereby four types of sub-
granting scenarios are defined. Figures 3.2 - 3.5 illustrate the sub-granting scenarios
and use cases. Generally, in a D2I communication, the eNB has global knowledge of the
location, signal level, and buffer status of the user based on the measurements received
from the cellular users in every measurement interval. In contrast, in D2D communica-
tion, the eNB is not aware of some information, namely user buffer status report and
channel measurement between two communicating, or this information can be achieved
at the cost of high measurement and signaling overheads on the eNB. In a centralized
approach, e.g., DSGRR algorithm, the eNB selects a beneficiary user based on the avail-
able measurement information to increase the overall uplink throughput. Note that
although the eNB has initially scheduled radio resources for the D2D users, the radio
link condition and traffic buffer status of the D2D communication may change, and thus
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the D2D communication information becomes outdated quickly. This reason makes the
D2D user an inappropriate candidate for the beneficiary user in a centralized scenario.
In contrast, the D2D user can independently decide and grant un-utilized resources to
the beneficiary user selected by the eNB, whereby the D2D user becomes a suitable can-
didate as the sub-grant provider in a centralized scenario. In a decentralized approach,
e.g., OSGRR, the eNB is not involved in the beneficiary user selection procedure. Thus
the sub-grant provider user and the beneficiary user can be either a D2D or a D2I user,
and thus four different scenarios can be defined.

Different use cases can apply the sub-granting scheme. One example is sub-granting
radio resources from V2V user to Pedestrian to Infrastructure (P2I), M2M, V2I user,
and vice versa.

In the following sections, the centralized and decentralized approaches are described, and
the corresponding performance metrics, e.g., the uplink cell throughput, overhead, and
the average number of the selected beneficiary user, in stationary and dynamic scenarios
are formulated. Here, we consider the D2D and the D2I UE as the sub-grant provider
and the beneficiary users, respectively, in order to have a fair comparison between the
proposed algorithms.

  D2D 

D2I 

Figure 3.2: Sub-granting from D2D
user to D2I user
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Figure 3.3: Sub-granting from D2I
user to D2I user
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Figure 3.4: Sub-granting from D2I
user to D2D user
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Figure 3.5: Sub-granting from D2D
user to D2D user
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3.3 System Model

We consider a single-cell environment with M D2I users (D2I-UEs) and N D2D users
(D2D-UEs) denoted by sets C = {1, ...,M} and D = {1, ..., N}, respectively. All users
are uniformly distributed over the cell. We assume users also randomly move through
the cell. Figure 3.6 graphically shows an example of the network. Let us assume there
are F Resource Blocks (RBs) in the uplink direction for both D2D and D2I users. The
eNB coordinates L RBs for D2D pairs and the remaining (F − L) RBs for D2I-UEs. The
eNB orthogonally schedules uplink radio resources for D2I users at every scheduling time
by any reasonable scheduling scheme. To avoid scheduling delays, the eNB assigns one
Resource Block (RB) to every D2D-UEs for a specific time (see Label (1) in Figure 3.6).
We assume that the D2D-UEs can disseminate the signaling information indicating the
allocated but unused resources, i.e., sub-granting (see Label (2) in Figure 3.6), to the all
nearby D2I-UEs, i.e., beneficiary user (see Label (3) in Figure 3.6). Also, the D2I-UEs
are a side-link capable user who can communicate with other users in proximity through
the side-link communication [48].

 k-th 𝐷2𝐷𝑇𝑋  

 k-th 𝐷2𝐷𝑅𝑋 

1
2

3

 m-th 𝐷2𝐼𝑇𝑋/𝑅𝑋  

𝐺𝑘  
𝐺𝑘𝑚  

𝐺𝑚  

𝑒𝑁𝐵 

Figure 3.6: A typical network is consisting of one eNB, one D2D-UE, and one D2I-
UE. The k − th D2D user sub-grants the un-used radio resources to the m − th D2I
user, when channel gain Gkm between k − th D2D user and m − th D2I user is above

a certain threshold.

The further assumptions in this study are made as follows:

� All D2I-UEs are full buffer users with best-effort traffic payload.

� D2D-UEs have small traffic payload with the same reliability and latency require-
ments, e.g., ultra-reliable and low-latency applications.

� All D2D and D2I users are synchronized in time and frequency from the BS.

� All users’ velocities are assumed to be constant during movement. At the initiating
position and the cell border, the users choose an arbitrary route on a random basis.
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� The processing time for decoding sub-granting signaling message and encoding
data SMin is assumed to be less than the time of two symbols for the beneficiary
user.

� We assume the channel condition remains unchanged during the beneficiary user
selection process. Besides, the amplitude of the received signal with distance is
assumed to follow an exponential decay as follows:

G = c× r−α|µ|, (3.1)

where r is the distance between two entities, c is a constant value, and α capture
path-loss exponents, and µ represents the large- and small-scale fading phenomena.

� We assume an open-loop power control mechanism that the transmission power of
every communicating entities is controlled by the path-loss [92].

� We assume that the BS is aware of the Channel State Information (CSI) and buffer
status report of D2I users. Besides, all users are equipped with a global positioning
system (GPS), and thus be able to send the positioning information to the central
network in every (pre-) configured time interval.

� To reduce the processing time due to blind decoding during the sensing procedure,
it is assumed that the sensing procedure is only performed on the (pre-)configured
radio resources by the BS.

� The notations used in the dissertation are summarized in Table 7.1.

3.4 Sub-granting in PHY/MAC Layers

This section describes the modifications required to realize the sub-granting scheme in
the physical and MAC layers. To this aim, additional fields in the physical layer devised
through which a flexible subframe for the sub-granting scheme is constructed. Besides,
some algorithms are required to be developed in the MAC layer to delegate the unutilized
radio resources from the sub-gran provider to the selected beneficiary user. Further, in
the physical layee, an algorithm is developed to react immediately to the sub-granting
signaling such that to make receiving sub-frame size flexible depending on the number
of sub-granted symbols at the beneficiary user.

3.4.1 General Modifications in Physical Layer

In the sub-granting scheme, in order to achieve the required responsiveness of the D2I-
UE, we assume several modifications in the physical layer that can be summarized as
follows:

� Recalling turbo coding shows better performance compared with convolution cod-
ing, and thus is adopted for data communication in LTE [63]. However, the turbo
coding can not fulfill the latency required by the uRLLC applications, since the
receiver starts decoding after the complete transport block is received. On the con-
trary, the convolution coding enables the receiver to decode the data per OFDM
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Table 3.2: List of Notations

Notation Interpretation

D The set of D2D users where dk ∈ D for k = 1, ..., N
C The set of D2I users where cm ∈ C for m = 1, ...,M
L The set of allocated RBs to D2D
F The set of available RBs on BS
Bw Allocated bandwidth
b Allocated RBs to every entities where b = 1, ..., F
X Allocation indicator for sub-granting
αc Path loss component for D2I
αd Path loss component for D2D
µc Fading component for D2I
µd Fading component for D2D
σ0 White Gaussian noise
σ Shadowing term
Pm Transmission power of D2I transmitter, m = 1, ...,M
PCmax Power threshold limit for D2I transmitter
Pk Transmission power of D2D transmitter, k = 1, ..., N
q Modulation and coding scheme of every entities
εDth Minimum Block Errors Rate (BER) threshold for D2D
εsgth Minimum BER threshold for sub-granting
εmk Measured BER between D2D and D2I
ε General term for BER
T Subframe transmission time
τ Transmission duration
Tme Channel state information measurement interval
Tpos Positioning measurement interval
Tbr Bids transmission interval
SMin Processing time of sub-granting signaling
Z Unique number of a cellular user in network

symbol.
Therefore, to reduce delay for decoding, convolution codes instead of turbo codes
are applied. The convolution coding allows starting processing symbols while they
are being received [93].

� Flexible framing mechanism that can be used to carry additional signaling infor-
mation, i.e., the number of the first free OFDM symbol in our case.

Figure 3.7 depicts an illustrative example of the LTE subframe and the proposed cus-
tomized subframe employed by the sub-granting.

3.4.1.1 Contextual Information in Sub-granting Signaling

The proposed resource reuse scheme requires a signaling mechanism that is used by the
original owner of a scheduling grant to inform a beneficiary user, i.e., D2I-UE in its
vicinity about the number of resources that can be reused.
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In principle, multiple ways to convey the details about this sub-grant are conceiv-
able. One possibility would be to send the sub-grant over a dedicated channel, e.g.,
the Physical Sidelink Control Channel (PSCCH) [48]. However, using an out-of-band
scheme for signaling also occupies resources in that channel and may soon become a
bottleneck as the number of UEs increases.

In order to not increase the load of any other channel, in-band signaling could be used as
an alternative. Within an in-band scheme, the required control information is embedded
in the actual data transmission. For example, one possibility is to insert a marker at
the end of the D2D-UE’s transmission that is used to pass the sub-grant to the D2I-UE.
This way, the sub-grant would be valid starting from the time at which the marker has
been received until the end of the subframe. However, putting a marker at the end of the
D2D-UE’s subframe imposes a considerable burden on the processing capabilities of the
D2I-UE because it is required to react immediately in order to utilize the sub-grant fully.
Therefore, we propose to let the D2D-UE embed the sub-granting signaling information,
i.e., the marker, at the beginning of transmission inside the first symbol of a subframe.
This marker contains the offset relative to the beginning of the subframe from which
the sub-grant is valid. As each subframe may contain an individual sub-grant, the exact
number of symbols available for the D2I-UEs can be determined by D2D-UEs, given
that both UEs are time-synchronized. After receiving and decoding the first symbol of
a nearby D2D-UE, this provides the D2I-UE enough time to prepare and schedule its
transmission. Figure 3.7 illustrates the structure of the modified subframe and legacy
subframe for D2D-UE and D2I-UE. Note that we assume that the D2I-UE requires a
minimum number of symbols for decoding the sub-grant and preparing its transmission,
denoted as Smin in Figure 3.7.
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Figure 3.7: Illustration of the modified subframe structure and symbol allocation,
assuming that the D2D-UE transmits 6 symbols (of which 4 are for data) and the

D2I-UE 7 (of which 6 are for data).

The additional overhead for signaling includes the SFT by which the marker indicates an
unused sub-grant within the subframe. If set, the RB pair further includes the ID of the
selected UE as well as the starting symbol of the sub-grant. The marker requires a single
bit. Assuming zero processing time, the maximum number of symbols that a sub-grant
can be valid for, is 12, i.e., 12 = 2 · 7− 2. Note that in every uplink Physical Resource
Block (PRB), one symbol is used for transmitting the DMRS. Therefore, encoding the
symbol offset requires at most 4 bits, i.e., 24 = 16. Assuming that eight symbols would
be the maximum number of symbols for reuse, even 3 bits would be sufficient. Further
assuming that the maximum number of UEs to address is 8, we need an additional 3
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bits for encoding the beneficiary user identity. Altogether, this sums up to 8 additional
bits for signaling that can be modulated on a robust modulation scheme, e.g., BPSK or
QPSK modulation symbols that are not used for data transmission. In order to further
improve the probability of being able to decode successfully them, they could be further
spread across multiple sub-carriers within the PRB.

3.4.2 Sub-granting Provider

As early mentioned, the BS schedules a set of radio resources for every D2D users in
a semi-persistent manner. Then, the sub-grant provider is able to grant the unutilized
radio resource to that the nearby users to utilize the allocated radio resources efficiently.
The sub-grant provider informs the nearby beneficiary users about the unused resources
and plays no role in the beneficiary user selection process.

Algorithm 3.4.1 Sub-grant provider

1: procedure Subframe Transmission
2: Discovery← (D2I- IDs and CQIs)
3: while (HaveSchedulingGrant) do
4: SFT := 0 . normal subframe
5: if (HaveFreeSymbols) then
6: SFT := 1 . customized subframe
7: SD2I ID ← Selected D2I-UE
8: SFFS ← First Free Symbol

9: end if
10: TransmitSubFrame()

11: end while

Algorithm 3.4.1 describes the sub-grant delegation of the D2D-UE for the D2I-UE re-
source reuse, where

� SFT denotes the subframe type. The first bit is set to 0 for normal subframe, and
set to 1 for a customized subframe, indicating a free sub-grant.

� SD2I ID denotes the ID of the selected D2I-UE, i.e. the receiver of the sub-grant.

� SFFS indicates the starting symbol of the subframe, i.e., the symbol from which
the D2I-UE can start to insert its data.

During the discovery procedure (line 2 in Algorithm 3.4.1), the serving cell will provide
the D2D-UEs with a list of D2I candidates in their vicinity that may require additional
resources. Along with the ID of each D2I-UE, this list also contains the channel quality
indication (CQI) between the D2I-UE and the eNB. For each subframe that the D2D-
UE transmits, the subframe type is initially set to ”normal”, indicating that no free
resources are available. In a case that the D2D-UE does not use all symbols of the
subframe, the subframe type is set to ”customized”, i.e., SFT is set to 1. In addition,
the selected D2I-UE ID as well as the number of the symbol from where to start inserting
D2I-UE data (SFFS) is included in the subframe.
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3.4.3 Sub-granting Beneficiary User

As previously explained, every beneficiary user can monitor other D2D users in the
proximity to decode the sub-granting signaling and re-utilize the sub-granting radio
resources indicated in the sub-granting signaling. To this aim, it is necessary to devise
an algorithm that enables the beneficiary user to receive the sub-grant. This algorithm
is executed on any UE that is assigned to another UE, i.e., beneficiary user selection, for
PRB reuse and, thus, is expecting to receive a sub-grant (see line 2 of Algorithm 3.4.2).
Note that we assume that the eNB assists in the beneficiary user selection procedure.
Thus, a D2I-UE that is not assigned to any D2D-UE or is not the sub-granting receiving
capable is not required to monitor the traffic of other UEs.

The purpose of this algorithm is to receive and decode the sub-grant and to allocate its
data transmission. Therefore, the D2I-UE overhears any D2D-UE transmissions in order
detect a subframe containing a sub-grant destined to itself. Every incoming subframe is
checked by the D2D-UE in order to detect a subframe including a sub-grant. For any
customized subframe, the D2I-UE also checks the D2I-UE ID included in the customized
subframe. If it is equal to its ID, the D2I-UE inserts its own data, starting at the position
of the first free symbol, indicated by SFFS .

Algorithm 3.4.2 Sub-grant Beneficiary User

1: procedure Sub-grant Reuse
2: Discovery← (D2D-UE resource grant)
3: . assign potential D2D-UE’s resource to D2I-UE
4: while (NewSubFrame&AssginedForResue) do
5: if (SFT == 1) then . customized subframe
6: if (SD2I−ID == myID) then
7: TransmitSubFrame(offset=SFFS)

8: end if
9: end if

10: end while

3.5 Flexible Subframe in Sub-granting

Transport Block (TB) is nothing but the payload, which is passed between MAC and
the physical layers. The TB size is provided in Tables [63] which is a function of MCS
and the resource block allocation configured by scheduler [92]. In the case of data trans-
mission, when traffic payload arrived from the application layer in MAC is smaller than
a determined TB size, the packet needs to be transmitted immediately due to the low
latency requirements, some dummy bits, i.e., padding information, are added to the
packet to make it fitted to the TB sizes that are specified in [48]. This incurs overhead
on the MAC. This overhead can be reduced, applying the shortening TTI [91]. However,
even the shortening TTI subframe with the smallest granularity might be too coarse for
those applications with a small payload. Besides, in D2D, the transmission parameters
between the transmitter D2D and the receiver D2D are configured in a specific time
interval [63]. This way, the overhead increases, since the transmission parameters, e.g.,
subframe size, are not configured flexibly, especially when the instantaneous traffic pay-
loads are smaller than the configured resources. To address this problem, we develop
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algorithms for the transmitter D2D, i.e., sub-gran provider, and its intended D2D re-
ceiver aiming at the overhead and latency reduction. For this purpose, the transmitter
D2D adopts a subframe size such that to be tailored to the traffic payload and then
the size of the transmitted data is indicated through sub-granting signaling. The in-
tended D2D receiver then exploits this sub-granting signaling to identify the subframe
size and instantly transfers the receiving data to the MAC. This results in increasing the
maximum responsiveness and flexibility of the subframe size and consequently reducing
the transmission time between a transmitter D2D and its intended receiver.

In the following, we explain the algorithm developed at the receiver of the sub-grant
provider as explained earlier: First, the side-link interface is established, and the receiver
configures the parameters (see step (1) in Algorithm 3.5.1). During sidelink control
period, when the subframe type is set to ”Customized subframe” or ”Flexible subframe,”
the receiver is mandated to decode the sub-granting signaling information. Then, the
data length indicated in the signaling information is determined, and the received data
is transmitted to the MAC.

Algorithm 3.5.1 Receiver (D2D − UERX)

1: procedure Customized Subframe Receive
2: SidelinkConfiguration← (NRB, NSF , STB, IB)
3: while (TSC > 0) do
4: DecodeSignaling
5: if ST := Customized then
6: Decode SFS
7: SendDataToUpperLayer
8: else
9: ReceiveNormalSubframe

10: end if
11: end while

3.6 Sub-Granting Radio Resource Algorithms

Intuitively, the maximum throughput is achieved applying the sub-granting radio re-
source scheme when a beneficiary user with the highest modulation and coding scheme
is selected to exploit un-utilized radio resources of a sub-grant provider. Selecting an ap-
propriate beneficiary user can be formulated as a selection problem in the sub-granting
scheme. In this section, two algorithms in a centralized, i.e., DSGRR, and decentralized
manner,i.e., OSGRR, are proposed by which the best beneficiary users are selected to
maximize the overall cell throughput.

3.6.1 Operational Principle of Sub-granting Radio Resource

This section briefly explains the operational functionality of beneficiary user and the
sub-grant provider in the DSGRR and the OSGRR algorithms.Figures 3.8 demonstrates
the operational state-machine of a beneficiary user in the centralized algorithm, i.e.,
dedicated sub-granting. In the dedicated sub-granting algorithm, every UE provides the
eNB with their actual position information and CSI towards the eNB in a specific time
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interval. Afterward, the algorithm computes a hypothetical geographical area for every
sub-grant provider user and seeks for a beneficiary user inside the area who achieves
the maximum throughput. Every selected beneficiary user is informed about the paired
sub-grant provider users and monitors the sub-granting signaling at every time interval
to utilize the sub-granting resources.

In a scenario with mobile users, the position and CSI information need to be updated
more frequently, resulting in a high overhead on the cellular network. To reduce the
overhead arising from the position and CSI information transmission, a distributed sub-
granting algorithm, i.e., open sub-granting, is proposed. Figure 3.9 shows the state-
machine of the beneficiary user functionality for the open sub-granting algorithm. In
this algorithm, the beneficiary user measures the received signal strength of the nearby
sub-grant provider users and the eNB. Then, a bid value associated with every sub-grant
provider user is computed based on these measurements. The bid value and the sub-grant
provider identity are exchanged between nearby beneficiary users. The beneficiary user
with the highest bid value can transmit on the sub-granting resource for a time interval.

In both algorithms, the sub-grant provider only informs the nearby beneficiary users
about the unused resources and has not an impact in the beneficiary user selection
process. Figure 3.10 depicts the functionality of the sub-grant provider in the dedicated
and open sub-granting algorithms. In the dedicated sub-granting algorithm, the selected
beneficiary user identity and the number of free symbols are indicated by the sub-
granting signaling. In contrast, in the open sub-granting algorithm, only the number of
free symbols and the sub-grant provider identity is transmitted.
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Figure 3.8: State-machine diagram of a beneficiary user functionality on the dedicated
sub-granting algorithm.
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Figure 3.9: State-machine diagram of a beneficiary user functionality
on the open sub-granting algorithm.
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Figure 3.10: State-machine diagram of sub-grant provider functionality.

3.6.2 Beneficiary User Selection Problem Formulation

The uplink cell throughput is decomposed into the aggregated throughput of the D2I and
D2D users within the cell. The radio link condition and the positioning information of
all users need to be transmitted to the cellular network. This measurement transmission
incurs a significant overhead on the cellular network, which results in cell throughput
degradation. Considering the measurement and positioning information overhead, the
uplink cell throughput can be reformulated as:

Rcell (ε, τ) =

M∑
m=1

(Rm (ε, τ)− ~m (τ))

+

N∑
k=1

(Rk (ε, τ)− ~k (τ)) ,

(3.2)

where Rm is the achievable data rate of D2I user at every scheduling time τ for a specific
bit errors rate ε and yields as follows [94]:

Rm (ε, τ) = Bw log2

(
1 +

GPm
σ0BwΓ

)
, (3.3)

where G is the radio channel gain that is calculated from (3.1), Pm is the transmission
power of every D2I users, Bw and σ0 stand for the allocated bandwidth in Hz and white
Gaussian noise, respectively. And, Γ = −ln(ε)

1.5 [94]. In case of D2D user with small traffic
payload, (3.3) is not accurate enough, thus the achievable throughput Rk for D2D user
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is reformulated as follows [42]:

Rk (ε, τ) = Bw log2

(
1 +

GPk
σ0Bw

)
−
√
BwV

τ
Q−1 (ε) log2(e), (3.4)

where Q−1 (.) is the inverse Gaussian Q-function, and V reflects stochastic variability of
the channel given by:

V = 1− 1

1 +
(
GPk
σ0Bw

)2 . (3.5)

In (3.2), ~k and ~m are the overhead due to the sub-granting signaling, the position-
ing information and radio link measurement reports transmitted by the D2I and D2D
users. Authors in [26] manifested the user throughput is proportional to qb over the
transmission time, τ . Where q is the MCS and captures the bit error rate ε. Moreover, b
stands for the number of allocated resource blocks (RB). Consequently, the sub-granting
throughput Rmk yields from qmbk over the transmission duration (T − τk), where bk is
the sub-granted RBs from the k-th D2D user and qm is MCS of the m-th D2I beneficiary
user. Additionally, a binary variable of Xmk for resource allocation from k-th D2D user
to the m-th D2I beneficiary user is defined:

Xmk =

{
0, if T − τk<SMin,

1, otherwise.
(3.6)

Where SMin is a processing time of a UE that depends on hardware and the number
of allocated resources in time and frequency domain [91]. We now rewrite (3.2) for the
dedicating and open sub-granting considering the D2I and D2D overhead as follows:

Rcell (ε, τ) =
M∑
m=1

(Rm (ε, τ)− ~m (τ))

+
M∑
m=1

N∑
k=1

XmkRmk (ε, T − τk)

+
N∑
k=1

(Rk (ε, τ)− ~k (τ)) .

(3.7)

Equation (3.7) considers the case where the D2D users are ultra-reliable and low-latency
communications with absolute reliability and latency requirements, while D2I users have
the best-effort traffic. More precisely, we assume that the reliability requirements for
D2D users are satisfied if the bit error rate of D2D communication εk is lower than
the configured threshold εDth. Then, D2D users can grant T − τ of the allocated but
unused resources in symbols basis to the D2I users. However, in the case of the erro-
neous environment, the D2I users may fail to decode the sub-granting signaling message.
Therefore, we adopt the general approach initially proposed in [94] to calculate the upper
bound bit error rate (ε) between D2D and D2I users as follows:

ε ≤ 0.2e
−1.5δ
q−1 , (3.8)

where δ = GP
σ0Bw

. We then proceed to maximize the sum rate of the cell by selecting the
best beneficiary users. To optimize the throughput in (3.7), we only need to maximize
the second term since the first and third terms are constant and have no effect on the
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solution. The optimization problem can be expressed as follows:

maximize
(m,k)∈C×D

M∑
m=1

N∑
k=1

XmkRm (ε, T − τk) , (3.9a)

subject to
εmk<ε

sg
th, ∀ m = 1, ...,M, k = 1, ..., N, (3.9b)

Xmk ∈ {0, 1} ∀ m = 1, ...,M, k = 1, ..., N, (3.9c)

M∑
m=1

Xmk = 1, ∀ k = 1, ...N, (3.9d)

N∑
k=1

Pm + Xmk ×
(
PCmax − Pm

)
bm

<PCmax, ∀ m = 1, ...,M, (3.9e)

where (3.9b) is constraint showing errors limit for the D2D sub-granting signalling.
Constraint (3.9c) denotes that the available resources for sub-granting should be greater
than the processing time required by the beneficiary users. It is assumed that only one
beneficiary user is allowed to use a sub-granted resource (constraint (3.9d)). Note that
the power headroom indicates how much transmission power is left for a beneficiary
user to use in addition to the transmission power being used by current transmission,
i.e., PCmax − Pm. Generally, the transmission power of every entity is proportional to
the number of allocated RBs [92]. Thus, the additional transmission power due to the
sub-granted resources to the beneficiary users should not increase the beneficiary user
transmission power beyond the power constraint PCmax (constraint (3.9e)).

The optimization problem in (3.9) aims to find a list of beneficiary users that maximizes
cell throughput. This problem can be defined as a maximum weighted matching (MWM)
problem in bipartite graphs with some non-linear constraints [95]. When there exists a
large number of D2I and D2D users, an exhaustive search becomes intractable due to
its high computational complexity. To avoid drawbacks in using an exhaustive search
solution, two algorithms are suggested in centralized and distributed fashions to address
the beneficiary user selection problem in the sub-granting scheme.

Specifically, the relation between the sub-grant provider users and the beneficiary users is
first modeled by a time-varying bipartite graph. Then, the edge of the graph is weighted
differently based on the beneficiary user selection algorithm, i.e., dedicated or open sub-
granting algorithm, at every selection time instant. Figure 3.11 is an illustration of
the system model in the form of a graph model, where the edge of the graph is being
updated in every beneficiary user selection time instant. The sub-grant provider D and
beneficiary users C construct two vertices of the graph. Every user in D is connected to
the users in C. In the following sections, we propose two heuristic algorithms to achieve
the maximum matching through the bipartite graph and auction theory to address the
beneficiary user selection problem in the sub-granting scheme.
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Figure 3.11: An Illustrative example of graph model in the sub-granting scheme. The
sub-granting provider and the beneficiary users are vertices of the graph model through
which edges are connected together. The edges are weighted based differently based on

the algorithms.

3.6.3 Dedicated Sub-Granting Radio Resource (DSGRR) Algorithm

In this section, we discuss the centralized dedicated sub-granting radio resource algo-
rithm to address the beneficiary user selection problem of the sub-granting scheme (3.9).
The optimization problem is decomposed into two stages. In the first stage, a hypothet-
ical geographical area, an error-limited area, for every sub-grant provider is calculated
wherein the sub-granting signaling can be reliably received. In the second stage, the
edges of the constructed bipartite graph are weighted by the beneficiary user data rate,
updated in every beneficiary user selection-time interval. The proposed algorithm then
solves the beneficiary selection problem, and the maximum number of the beneficiary
users to achieve the highest cell throughput is obtained.

3.6.3.1 error-Limited Area (eLA)

As previously discussed, CSI between the sub-grant provider and the beneficiary user
is not known or at least can be computed at the cost of additional signaling overhead
on the cellular network. To avoid such overhead, a hypothetical circle around every
sub-grant users based on the maximum error probability criterion, i.e., εsgth is calculated.
To this end, we use (3.8) to calculate the signal to noise level δsgth related to εsgth on the
margin of hypothetical circle. Then, considering (3.1) and the channel model parameters
for D2D communication in [44], the eLA (reLA) is bounded as:

| reLA |≤
(
cPk | µd |
σ0Bwδ

sg
th

)α−1
d

, k = 1, ..., N. (3.10)

Algorithm (3.6.1) explains the dedicated beneficiary user selection procedure. When
the beneficiary user is inside the hypothetical circle of the sub-grant provider, i.e., eLA.
An edge e ∈ E is weighted with qm.bk, if there exists at least one vertex cm ∈ C
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inside the eLA (see lines (1) to (10)) in Algorithm (3.6.1). Additionally, we take the
power constraint (3.9e) into consideration. Next, the algorithm chooses the beneficiary
user cm with maximum weighted edge emk associated to every sub-grant providers dk in
a greedy manner. Then, it is iteratively run and ended when all beneficiary users cm are
successfully selected. Also, in every iteration in order to find the maximum matching,
the allocated edge is removed from all the sub-grant provider vertices, dk ∈ D. Finally,
every sub-grant provider users are informed about the selected beneficiary users X.

Algorithm 3.6.1 Dedicated Sub-Granting Radio Resource

1: procedure Beneficiary user selection
Input: dk ∈ D1×N , cm ∈ C1×M , εsgth
Initialization:

2: Calculate error limited area radius for
dk ∈ D, k = 1, ..., N (see (3.10))

3: E ← φ
4: for dk ∈ D do
5: for cm ∈ C do
6: if (cm ∈ eLAk) & (Constraint (3.9e)) then
7: emk = qm.bk
8: E ← (E ∪ emk)
9: endif

10: endfor
11: endfor

Repeat:
12: X← φ
13: for dk ∈ D do
14: Find cm ∈ C with Maximum emk
15: Xmk = 1 & X← X ∪ Xmk
16: E ← E − ∪Nk=1emk

17: endfor
Output: Transmit Xmk to every dk

3.6.3.2 Overhead

Due to the mobility of all users, the positioning and measurement information of users
should be transmitted in a shorter time interval, which results in the additional overhead.
As previously discussed in Section (3.6.2), the beneficiary user overhead is shown by ~m
and yields.

~m (τ) =
Xme ×Ome + Xpos ×Opos

τ
, (3.11)

where Ome and Opos are the constant overhead values due to the channel state measure-
ment and positioning information. Xme and Xpos are set when the measurement time
interval Tme and positioning information time interval Tpos are triggered. Similarly, the
sub-granting provider transmits the positioning information to the BS and disseminates
the unused radio resources, which incurs additional overhead the cellular network. This
overhead is shown by ~k and yields:

~k (τ) =

∑M
m=1Xmk ×Osg + Xpos ×Opos

τ
, (3.12)
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where Osg is the sub-granting signalling overhead in the every sub-granting occur-
rences Xmk as explained in (3.6) and constraint (3.9d). Also, the denominator term τ
stands for the data transmission time.

3.6.3.3 Time complexity

In the proposed algorithm, nested loops are considered where the sub-grant provider and
beneficiary users are the outer and inner loops within the algorithm, respectively. Thus,
the central controller requires to run the algorithm O (N ×M) operations to complete
the beneficiary users’ selection process.

3.6.4 Open Sub-Granting Radio Resource (OSGRR) Algorithm

Recently the auction theory, which initially developed in the economy, has attracted
many scholars’ attention and has been applied to various problems in engineering. The
essence of an auction environment consists of auctioneers or sellers, bidders, commodities
to be sold, and a set of rules which give rise to the game among all the bidders. In some
auctions, there exists one seller that can perform the role of auctioneer. As a result,
auctioneer and seller terms can be used interchangeably. An auction theory, a sub-
field of economics, is a useful tool to model and optimize radio resource allocation in
wireless communication wherein radio resources can be allocated among different users,
following some rules regulated in the market. One well-known auction is the Vickrey-
Clarke-Groves (VCG) auction [82], which requires gathering global information from all
entities and performing centralized computations.

In this study, we consider one-shot open-cry auction in which the bidders advertise their
offers at once and openly based on a bidding strategy in a distributed manner. Let D be
a set of distinct objects which offer some commodities, say sub-granting resources, for
sale. Moreover, C be a set of buyers wherein each buyer, say beneficiary user, is assumed
to assign a valuation smk to each seller, i.e., sub-grant provider user, where k ∈ D and
m ∈ C. Every beneficiary user monitors other bids and advertises a selected sub-grant
provider after the exclusion of the assigned sub-grant provider users indicated in the
broadcast bid. Note that every bid contains information that indicates the preferred
sub-grant provider user of every beneficiary user. In this study, it is assumed that
a sub-grant provider does not ask for any cost from the beneficiary user on the sub-
granting radio resources. In other words, the selecting sub-granting radio resources
would not impose any form of the cost on the other cellular users or the cellular network.
Furthermore, the achieved throughput of every beneficiary user from the sub-granting
resources is reflected in a bid generated through the strategy function. Recall that
symmetric equilibrium wherein all players use the same bidding strategy function [82],
the strategy function in every beneficiary users smk yields:

smk =
βqmbk + (1− β)qmk

qmax
+ γm, ∀m = 1, ...,M, k = 1, ..., N, (3.13)

where qm and qmk are modulation and coding scheme of m-th the beneficiary user
towards the BS and the sub-grant provider user, which are normalized to maximum
modulation and coding rate qmax. The number of sub-granted resources from the sub-
grant provider to the beneficiary user is denoted by b. The term β takes a value between
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0 and 1 that shows the impact of the multiplied terms in the bidding strategy function
and is configured by the BS. In the first term of the equation, we consider two factors, the
first factor guarantees the sub-granting gain, and the latter ensures to choose a sub-grant
provider with the higher signal strength to reduce the probability of the sub-granting
signaling errors.

Note that if two beneficiary users have the same MCS, the first term of the equation
may return the same value resulted in a collision between two beneficiary users due to
transmission on the same sub-granting resource. To avoid a tie situation in the equation,
a small value of γm is added to the first term of bidding strategy function, calculated
from the reverse of a unique cellular user-specific number Zm, say, a temporary mobile
subscriber identity (TMSI) [96].

Figure 3.12 shows an illustrative example of the equilibrium bidding value of the strategy
function, considering a specific TMSI value for every beneficiary user.

Remark 3.1. The highest cell throughput is achieved when the sub-granting resources
are granted to the beneficiary users offering the highest bid value.

Figure 3.12: An Illustrative example of bidding strategy function.

A bipartite graph is used to model the beneficiary user selection problem in the sub-
granting radio resource wherein the beneficiary users, bidders, and the sub-grant provider
users, sellers, or auctioneers, are two vertices of a graph as illustrated in Figure 3.11. The
edges of the graph are weighted by bidding values obtained from the bidding strategy
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function. This way, the problem is transformed into the maximum matching in the
bipartite graph. Now we propose a closed-form heuristic algorithm, say, open sub-
granting radio resource to address the beneficiary user selection problem in the sub-
granting radio resource as stated in (3.9).

Algorithm 3.6.2 shows the principle of operation of the open sub-granting radio resource.
The beneficiary user’s unique value γm, β, and bid transmission start time are configured
by the BS. Where the bid transmission start time is a time value between two consecutive
selection time instances in which every beneficiary user is allowed to transmits the bid
value. Also, this value ensures that two beneficiary users do not start transmission at
the same time. Thus any possible collision due to a half-duplex communication in the
D2D communication is avoided. Then, every beneficiary user calculates a bid value
smk associated to every sub-grant provider users using (3.13) considering the bit errors
rate and power head room stated in constraints (3.9b) and (3.9e) in (3.9). Note that
every beneficiary user chooses a maximum bid value Smk associated to the sub-grant
provider user and disseminates the bid value along with the corresponding sub-grant
provider user identity. The beneficiary user informs the nearby users about the bid
value smk through D2D communication on the scheduled uplink radio resource at the
configured bid transmission start time. Next, the edges of the graph are updated based
on its bid value, and other monitored beneficiary users bid values (see Lines (1) to (15)
in the Algorithm 3.6.2). Finally, every beneficiary user constructs a list of maximum bid
values corresponding to the monitored beneficiary users and the associated sub-grant
provider users, i.e., matching list Xmk. Note that, a beneficiary user having the biggest
bid value on the matching list is allowed to transmit on the sub-granting radio resources
over the beneficiary user- selection time interval configured by the BS (see Lines (16) to
(20) in Algorithm 3.6.2).

3.6.4.1 Overhead

The overhead in the open sub-granting algorithm is mainly due to biding messages that
are exchanged among the beneficiary users and also sub-granting signaling messages.
Therefore, the imposed overhead on the beneficiary users ~m yields:

~m (τ) =
Xbr ×Obr

τ
, (3.14)

where Obr stands for the overhead value owing to bidding message exchanged among the
beneficiary users, and Xbr is a value that is set to 1 at every broadcast time interval Tobr.
Moreover, in case of the sub-granting scheme overhead on the D2D communication hk,
positioning information is not transmitted to the BS, and thus (3.12) can be rewritten
as follows:

~k (τ) =

∑M
m=1Xmk ×Osg

τ
, (3.15)

3.6.4.2 Time complexity

This section explains the steps required to execute the algorithm. The OSGRR algorithm
includes two terms, which each runs in O(N) and O(M) time, respectively. Therefore,
the algorithm takes about O(N +M) to find a match list. For N >> M or M >> N ,
the complexity is simply O(N) or O(M) respectively.
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Algorithm 3.6.2 Open Sub-Granting Radio Resource

1: procedure Beneficiary user selection
Input: Configure β value used in (3.13)
Initialization:

2: Calculate γm = 1
Zm , m = 1, ...,M

3: E ← φ
4: for dk ∈ D do
5: if Constraints (3.9b) & (3.9e) then
6: Calculate bid value smk from (3.13)
7: Update edge value of graph, E ← (E ∪ smk)
8: endif
9: endfor

10: Select maximum bid value smk and broadcast
11: Update edge value of graph, E ← E − ∪Nj=1smj ,∀j 6= k
12: for cm−1 ∈ C do
13: Monitor bid value sm−1k of other beneficiary user
14: Update edge value of graph, E ← (E ∪ sm−1k )

15: endfor
Selection:

16: X← φ
17: for dk ∈ D do
18: Select cm ∈ C with maximum bid value smk
19: Xmk = 1 and X← X ∪ Xmk
20: endfor

Output: Macthing List X

3.7 Summary

In this chapter, we have presented the radio resource allocation strategy, i.e., sub-
granting scheme, for the overlay D2D communication, in which the scheduled radio
resources that not fully utilized in the D2D users, i.e., sub-grant providers, are granted
to D2I users, i.e., the beneficiary users. We described the system model and the possi-
ble scenarios used throughout the dissertation. Then, the required modifications in the
physical layer were explained, and some algorithms for the sub-grant provider and the
beneficiary user were proposed. We inspired by the shortening TTI and introduced a few
changes in the D2D transmitter/receiver by which the transmission time and the over-
head between D2D transmitter and D2D receiver can be further reduced. This chapter
ended by casting the beneficiary user selection problem mathematically as the uplink
cell throughput maximization problem. Furthermore, two algorithms in centralized, i.e.,
DSGRR, and distributed, i.e., OSGRR fashions, are proposed to address the beneficiary
user selection problem in the sub-granting scheme mentioned earlier. In the DSGRR
algorithm, the eNB assists in selecting beneficiary users for every sub-grant provider.
To this aim, a Bipartite graph is used to model the resource assignment from the sub-
grant provider to the beneficiary users, wherein the edge of the graph is weighted by
the utilization rate of every beneficiary user achieved from the sub-granting resources,
when the beneficiary user is inside a hypothetical area, i.e., eLA. The beneficiary user
with the highest rate is selected such that the cell throughput is increased. To avoid
any complexity in collecting measurement information in a dynamic environment, we
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proposed an OSGRR algorithm based on the auction and Bipartite graph theory. In
the OSGRR, the sub-grant providers disseminate the unused radio resources informa-
tion, and then all beneficiary users monitor information disseminated by nearby users
through sensing and broadcast their bid computed by symmetric strategy function. The
beneficiary users with the highest bid are chosen to exploit the sub-granting resources
until the next beneficiary selection interval.

The sub-granting scheme performance evaluation will be discussed in the following chap-
ters.
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This chapter provides insight into the achievable throughput gain applying the sub-
granting radio resource scheme. The sub-granting scheme is evaluated in terms of uplink
cell throughput in a scenario with stationary users, numerically and with a simulation
study. Also, the impact of the number of sub-grant provider users and the channel
conditions of beneficiary users on the sub-granting gain is investigated when the allocated
radio resources to the sub-grant provider users are underutilized.

4.1 Numerical Analysis

The sub-granting radio resources scheme aids to increase radio resource utilization for
overlay D2D communication in the cellular network [23]. Considering a single scenario
with one D2I user and multiple D2D users in the vicinity. The maximum achievable
uplink cellular user throughput is examined for partially utilized radio resource scenarios
applying the sub-granting scheme. Besides, the D2I users’ throughput gain is evaluated,
taking into consideration the overhead due to the sub-granting signaling.

58



Chapter 4. Sub-granting Radio Resource Performance Evaluation 59

Although the LTE uplink cell throughput is theoretically expected to reach 100 Mbps,
i.e., using 64-QAM for data modulation, it is limited to approximately 75 Mbps in
practice due to control overhead [63]. Understandably, the fewer symbols are used for
data, the lower the overall throughput. In order to calculate the exact throughput
incorporating the associated overhead and different MCSs, we have relied on the 3GPP
technical specification, i.e., Table 8.6.1-1 and 7.1.7.2.1-1 in [63].

Note that we are considering a cellular user to use MCS indexes 10, 20, 28, i.e., using
QPSK, 16-QAM, and 64-QAM for data modulation, respectively. Referring to the MCS
indexes in Table 8.6.1-1, the Transport Block Size (TBS) index is derived. Intuitively,
the peak throughput can be obtained from Table 7.1.7.2.1-1 through the TBS index and
the number of PRBs for different MCSs.

Figure 4.1 shows the normalized D2I user throughput as a function of the number of D2D
users for different sub-grant sizes. To calculate the resulting D2I user throughput, we
assume a mix of different MCSs, i.e., 64-QAM is only used for 40% of the transmission
time. 16-QAM and QPSK are equally often used for the remaining transmission time.
Each D2D user is initially assigned one pair of PRBs in every subframe.

Apparently, when the number of D2D users is rising, the D2I user throughput would
decrease. In the case of not using the sub-grant technique, the D2I throughput declines
by more than 40% in the worst case. On the other hand, when the number of unused
symbols in one subframe for every D2D user increases, using our technique leads to an
improvement in the D2I user throughput. For example, by granting 10 symbols for reuse
and assuming 40 D2D users, the D2I user throughput increases by 30%. Note that even
a allocation of four symbols can improve D2I user throughput between 10% to 20%,
compared with the common resource allocation methods, as the number of D2D users
increases.
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Figure 4.1: Normalized D2I user, i.e., beneficiary user, throughput as a function of
the unused symbols in a subframe.

4.2 Simulation Study

This section evaluates the uplink throughput applying the sub-granting scheme for dif-
ferent numbers of D2D users [24]. For this purpose, we consider a scenario with one
D2I user in the proximity of N D2D-UEs, where N is set to 20 and 40. The D2D users
are uniformly distributed within a circular area with a 100 m radius inside the cell.
Figure 4.3 shows this scenario. The distance between every D2D pair is set to 20 m,
and every D2D-UETX (i.e., sub-grant provider or transmitter D2D) randomly generates
traffic with relatively small payload size ranging between 10 to 300 bytes (cf. MTC
applications in [1]). Figure 4.2 illustrates the traffic model of the D2D users.
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Figure 4.2: Traffic model distribution of the D2D user transmitter.

Table 7.2 shows the simulator setup parameters.

Table 4.1: Simulation Parameters.

Parameter Value

Frequency, fc and BW 2.6 (GHz), 20 (MHz)

Number of users 1 (D2I), 20 and 40 (D2D)

Cell Radius 250 m

Channel Model [44] UMi-NLOS
αc: 3.67
µc : σ = 4 dB, Rayleigh
InH-NLOS
αd: 4.33
µd : σ = 4 dB, Rician,
K=20 dB

D2D Distribution, Radius Uniform, 100 (m)

Traffic Model Packet size=10B, λ=1ms,
εDth=10−5 [1]

D2D Distance (d) 20 (m)

Power Control Open Loop Power Control
D2D (P0 = -70 dBm/RB)
D2I (P0 = -107 dBm/RB)

Noise Power -174 (dBm/Hz)

MAX UE TX Power 23 (dBm)

D2D and D2I Antenna Gain 1 dB

eNB Antenna Gain 10 dB

Simulation Runs 10000
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Figure 4.3: An Illustrative example of system scenario when multiple D2D users are
uniformly distributed in a specific geographical area, and one D2I user, i.e., the

beneficiary user, with the highest MCS is in the proximity.

4.2.1 Performance Metric

This section explains a performance metric used to evaluate the sub-granting scheme.
The uplink beneficiary user throughput is considered a metric to measure the impact of
the sub-granting on the performance of a beneficiary user and the network as a whole.

The number of resource blocks and MCS assigned to every individual beneficiary user
is known at the eNB side. Therefore, the eNB can use this information to compute the
beneficiary user throughput. Let us consider a scenario with a D2D-UE with 10 OS/RB
for sub-granting, and the number of allocated RBs and MCS to the beneficiary users is
10 RBs, 64QAM-5/6, and two symbols are needed for processing time SMIN . When
the beneficiary user exploits the sub-granted resources, the uplink throughput for the
beneficiary user RD2I yields:

RD2I =
(
NSYM +NSG

SYM − SMIN

)
NCR ×NMCS(

NRB +NSG
RB

)
NSC × T−1SF

= (12 + 8)× (5/6)× 6× (10 + 1)× 12× (0.001)−1

= 12.58 (Mbps),

(4.1)

where NSYM is the number of data symbols in the beneficiary D2I user, and NSG
SYM is

the number of sub-granted symbols. NCR, NMCS , NRB are coding rate, modulation
order, and the number of resource blocks assigned to the D2I user. NSG

RB denotes the
number of assigned resource blocks to the sub-grant provider (D2D-UETX). NSC and
TSF is the number of sub-carrier per RB (i.e., 12 in LTE) and the sub-frame size.
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4.2.2 Results and Discussions

Figure 4.4 illustrates the cumulative distribution function of uplink throughput for the
beneficiary D2I user in the studied scenarios.The D2I uplink throughput for two scenarios
with 20 and 40 D2D users are evaluated. In the scenario with 20 D2D users, the D2I
user can only achieve 57 Mbps w/o the sub-granting scheme. On the contrary, the D2I
user throughput increases by 17% applying the sub-granting scheme. It is observed that
when the number of D2D users increases from 20 to 40, the beneficiary D2I throughput
increases by 55% applying the sub-granting scheme. The reason is that in the overlay
D2D, a part of resource blocks is dedicated to D2D users. Thus, fewer resources remain
for D2I users, resulting in the throughput degradation at the D2I user. Moreover, the
applications with a small traffic payload contribute to further wastage of the reserved
resources. However, the sub-granting scheme helps to reduce radio resources wastage by
delegating the unused resources to the beneficiary user(s).
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Figure 4.4: CDF of D2I user uplink throughput w/ and w/o the sub-granting
scheme for two scenarios with 20 and 40 D2D users.

4.3 Summary

In this chapter, we first analyzed the sub-granting scheme in terms of the beneficiary
analytically. Then, a further study has been undertaken through a simulation study.
Two scenarios with the different number of D2D users, when the D2D users are uniformly
distributed within a limited geographical area, are studied, wherein the beneficiary users
throughput w/ and w/o sub-granting was evaluated. The results showed that the uplink
throughput improves applying the sub-granting scheme. Intuitively, it is because that
the allocated but not utilized radio resources can be re-utilized by other nearby users



Chapter 4. Sub-granting Radio Resource Performance Evaluation 64

demanding more radio resources. The next chapter will compare the sub-granting scheme
with shortening TTI schemes.
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This chapter compares the sub-granting radio resource scheme with the shortening TTI,
i.e, s TTI, schemes in terms of transmission delay, overhead, and the uplink cell through-
put. First, we analyze both schemes numerically and compare them in terms of D2D
throughput and uplink cell throughput. The simulation study is then undertaken con-
sidering the flexible sub-frame, and the padding information reduction inspired by the
numerical analysis as proposed earlier in the Chapter 3. In the simulation study, the
shortening TTI and the sub-granting schemes are compared in terms of overhead and
transmission time for a transmitter D2D and its intended receiver D2D.

5.1 Numerical Analysis

Considering the system model discussed in Chapter 3, the uplink cell throughput can
be mathematically formulated, when the sub-granting scheme is not utilized, as follows:

ηcell = ηc +

[n×λ]∑
i=1

ηdi , (5.1)

65
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where ηcell, ηc are the uplink cell throughput, D2I-UE throughput. The throughput
of ith active D2D-UEs is ηdi and the activity rate of D2D-UE is denoted by λ. Besides,
the D2I-UE throughput and ith active D2D-UEs throughput are calculated as follows:

ηc =
(Nc − nrb)× nsc × ncsb × µ

td
, (5.2)

ηdi =
nrb × nsc × nsb × µ

td
, (5.3)

where ηc and ηdi are mainly influenced by the number of resource blocks in the cell Nc,
the number of allocated resource blocks to D2D-UEs nrb, the traffic payload in D2D-
UEs nsb, and D2I-UE ncsb. Additionally, nsc and td represent the number of sub-carriers
per resource block, i.e., 12, and the data transmission duration. The efficiency rate
µ is the product of the modulation order and coding rate configured by the cellular
network. Recall in the sub-granting the achievable throughput in the equation (5.2) is
reformulated as follows:

ηcg = ηc + (

[n×λ]∑
i=1

ηdi)
Act + (

n∑
i=[n×λ]+1

ηdi)
Non−Act, (5.4)

where ηcg is the uplink throughput for the beneficiary user, taking into account the sub-
granting scheme. Besides, ( . )Act and ( . )Non−Act denote the sub-granting throughput
achieved by the D2I-UE from the active and the non-active D2D-UEs in which through-
put is similar to the equation (5.3) except that a new traffic payload size n

′
sb yields as

follows:

n
′
sb =

{
N − nsb, if nsb > SMin and active D2D-UE
N − SMin, otherwise

(5.5)

where N is the number of data symbols in the customized, i.e., flexible, sub-frame of
D2D-UE (i.e., 12 symbols for data transmission) and SMin is a processing time to decode
the sub-granting signaling as mentioned in Chapter 3.
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Figure 5.1: Illustration of transmitter D2D to intended receiver D2D throughput (ηd),
when traffic payload size (nsb) varies for different shortening TTI schemes and legacy

LTE subframe.

We evaluate performance of the uplink cell throughput for the sub-granting and sTTI
schemes considering different traffic payload sizes [25]. Also, we investigate the impact
of the number of users that are transmitting, i.e., utilization rate λ, on the cell through-
put for a specific traffic payload size. Two utilization rates of 50% and 100% on cell
throughput are examined.

All D2I users are full buffer, i.e., a sub-frame with 12 symbols for data transmission,
wherein 8 bits of the subframe is used to indicate the sub-grant signaling [23]. Further,
every D2I user ’s efficiency rate µ is set to 5.22, which is obtained from the product
of modulation order and the coding rate, indicated by IMCS = 28, according to Tables
8.6.1-1 and 7.1.7.2.1-1 in [63].

Figure 5.1 shows the D2D-UE throughput ηd for the sTTI and LTE subframe schemes
considering different traffic payload sizes nsb. As previously discussed, a receiver needs
at least one DMRS in every slot for channel estimation purposes, thus in the sTTI with
two symbols, only one symbol can be free for data transmission. This way, a D2D user
can achieve 0.44 Mbps throughput when sTTI with two symbols is applied. Similarly,
in the sTTI with three and seven symbols, two and six symbols remain free for data
transmission, respectively. Hence, when the traffic payload size nsb varies, the achievable
throughput for both schemes forms a saw-tooth curve. In case sTTI with three symbols,
the throughput varies between 0.44 Mbps/s and 0.6 Mbps/s, while the throughput for
sTTI with seven symbols varies between 0.25 Mbps and 0.76 Mbps. The reason is that
the subframe is still coarse for such small traffic payload, and thus a small throughput can
be achieved. Besides, the throughput increases proportionally with the traffic payload
size, as shown in the figure.
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Figure 5.2 compares the sub-granting and sTTI schemes in terms of cell throughput
in scenarios with 10 and 40 reserved resource blocks nrb. Further, it is assumed that
all D2D users are active, i.e., λ=100%, and one resource block to every D2D user is
assigned.

The sub-granting scheme shows better results in terms of throughput compared with
the sTTI schemes. The reason is that the unused symbols are re-utilized by the nearby
beneficiary user in the sub-granting scheme. Note that the beneficiary D2I needs some
time to decodes the sub-granted resources and encodes its own data, i.e., SMin. There-
fore, the beneficiary D2I-UE is expected to increase the throughput after the processing
time SMin. Figures 5.2(a) and 5.2(b) show the impact of the processing time SMin on the
cell throughput. It can be seen that the achievable cell throughput for the sub-granting
scheme increases, inversely related to the values of SMin.

Figure 5.2(a) shows that the cell throughput increases between 2% to 4% for the sub-
granting scheme compared with the sTTI schemesThe sTTI scheme with seven symbols
shows slightly better results for a traffic payload with six symbols compared with the
sub-granting scheme. The reason is that when the radio resources are fully utilized,
the sub-granting scheme achieves no gain, and only imposes some signaling overhead.
In contrast, the cell throughput for the other sTTI schemes (2 and 3 symbols) declines
between 2% to 4% depending on the payload size. The reason is that the overhead in
sTTI is higher than the sub-granting scheme.

Figure 5.2(b) shows the cell throughput for all schemes when the number of reserved
resource blocks is 40. The achievable cell throughput for all the schemes decreases by
10% to 15% except the sub-granting scheme and sTTI with seven symbols in which all
allocated resources are fully utilized.
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Figure 5.2: Illustration of normalized cell throughput (ηcell) for different subframe
schemes considering different payload size (nsb) and same utilization rate (λ=100%) for

two different scenarios: (a) nrb=10; (b) nrb=40.
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Figure 5.3: Illustration of normalized cell throughput (ηcell) for different subframe
schemes considering different payload size (nsb) and same utilization rate (λ=50%) for

two different scenarios: (a) nrb=10; (b) nrb=40.
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The utilization rate λ impact on the cell throughput ηcell is shown in the figure 5.3.
When nrb is 10 and only 50% of the D2D users are active, the cell throughput decreases
between 2% to 7% for all the schemes (see Figure 5.3(a)). Moreover, the cell throughput
further decreases between 10% to 20% when the nrb increases to 40 (Figure 5.3(b)).
However, the cell throughput for the sub-granting scheme increases by 4% and 20%
compared to the other schemes in the studied scenarios. (Figure 5.3(b)). The reason is
mainly that the unused resource can be re-utilized by the nearby D2I users, applying
the sub-granting scheme.

Figure 5.4 illustrates the impact of utilization rate λ and number of reserved resource
block nrb on the uplink cell throughput ηcell. For this analysis, the specific payload size,
i.e. nsb = 4, is considered. The cell throughput is seen to be linearly proportional to the
utilization rate. In general, the cell throughput for the sub-granting scheme outperforms
the other schemes due to granting the otherwise unused resources to the beneficiary D2I-
UE. With 10 reserved resource blocks, the cell throughput for all shortening TTI schemes
decreases between 2% and 4% compared with the sub-granting scheme (Figure 5.4(a)).
When 40 resource blocks are assigned to the D2D users, the achievable cell throughput
for all shortening TTI schemes decreases by between 20% and 40% depending on the
utilization rate (Figure 5.4(b)). The reason is the part of allocated radio resources are
wasted due to the DMRS overhead, and the traffic payload is smaller than the allocated
radio resources. In contrast, the sub-granting scheme shows a less cell throughput re-
duction, i.e., between 4% to 10%. The reason is that in the sub-granting scheme, the
un-utilized radio resources are reused by the nearby users (Figure 5.4(b)).
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Figure 5.4: The Illustration of normalized cell throughput as a function of utilization
rate for different subframe schemes considering the scenarios: (a) nrb=10, nsb=4 (sym-

bols); (b) nrb=40, nsb=4 (symbols).
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5.2 Simulation Study

In Chapter 3, we have described the impact of the flexible subframe design of the sub-
granting scheme, i.e., customized subframe, on the overhead and transmission time be-
tween a transmitter and receiver D2D. Recall the flexible subframe, the padding infor-
mation in D2D transmitter is reduced, and a D2D receiver algorithm is enhanced such
that to decode the data while it is received. Here, we use a simulation study to compare
the shortening TTI schemes and the sub-granting scheme applying the flexible subframe
in terms of the transmission time and overhead. For this study, we consider the scenarios
and simulation parameters explained in the previous chapter. In remaining part of this
section, we explain the performance metrics and discuss the results.

5.2.1 Performance Metric

The data transmission time and the overhead between a D2D transmitter and receiver
are considered as metrics to compare the shortening TTI and the sub-granting scheme
with flexible subframe design as explained earlier.

5.2.1.1 D2D Transmission Time

The data transmission time between D2D-UETX and D2D-UERX is mainly influenced by
the traffic payload and the data transmission rate. Recalling that for MTC applications
with small / finite block length payload, authors in [42] justify that Shannon capacity,
can not be an accurate way to calculate the spectral efficiency for applications with
small traffic payload, and needs to be reformulated in accord with the new application
characteristics, thus the data rate R ( bitss ) yields:

R (ε, τBw)

Bw
= log2

(
1 +

δptxµ

σ0Bw

)
−
√

V

τBw
Q−1 (ε) log2e , (5.6)

where ε and Bw are bit error rate and the allocated bandwidth. The data transmission
is denoted by τ , and δ, and µ capture path-loss and shadowing. The value ptx is
transmitting power, and σ0 is the additive white Gaussian noise. Besides, Q−1 (.) is the
inverse of the Gaussian Q-function, and the dispersion factor V captures the stochastic
variability of the channel that yields:

V = 1− 1

1 +
(
δptxµ
σ0Bw

)2 . (5.7)

Table 7.2.3-2 in [63] is applied to derive the modulation and coding scheme pertaining
to the upper bound of the achievable spectral efficiency as denoted in (5.6). Considering
the above description, the achievable data rate is obtained by multiplying modulation,
and coding scheme, allocated RBs, and subframe size. Consequently, the data trans-
mission time is computed by dividing the traffic payload to the data transmission rate.
For example, when the payload size is 100 bits and a PRB is assigned to every D2D-
UEs, the maximum achievable rate is 4.8 bits/sub-carrier*OFDMA symbol(OS) (6*0.8)
for the highest modulation and coding scheme, i.e., 64QAM-4/5, through which the
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transmission time lasts two subframes (4 OS) taking into consideration a subframe with
2OS.

5.2.1.2 Overhead

This section discusses the average overhead as a metric for each D2D user when applying
the shortening TTI, and flexible subframe in the sub-granting scheme. Recalling to LTE,
the padding information is appended to the transport block when the number of arrived
bits in the MAC is smaller than the size of the transport block. Besides, in the physical
layer, at least one DMRS in every slot is required for channel estimation at the receiver.
In our study, the padding information and DMRS are considered as an overhead, which
is computed as follows.

First, the D2D-UETX , i.e., sub-grant provider, computes the number of padding bits
considering the difference between the traffic payload and the size of the transport block
corresponding to the maximum spectral efficiency of D2D communication. Then, the
number of bits used to convey the DMRS is calculated considering configured modulation
and coding scheme and resource blocks for every D2D communication. It is a worthy
note that in the flexible subframe in the sub-granting scheme, the number of configured
DMRS can vary depending on the length of the subframe. This way, the number of
DMRS in the flexible subframe is expected to be less than or equal to that of other
schemes, e.g., sTTI schemes. For example, when there exist a 100 bits, traffic payload
and spectral efficiency of D2D communication are 64 bits/OS/RB. In the case of a
subframe with 2OS, two subframes are required to carry such a traffic payload. This
way, considering the conventional definition of overhead, it is approximately 170 bits
in this example. In contrast, in the flexible subframe in the sub-granting scheme, it
amounts to 90, which is by far less than the sTTI subframe with 2OS.

5.2.2 Results and Discussions

This section evaluates the average transmission time and overhead in D2D communi-
cation for the flexible subframe in the sub-granting scheme and compares it with the
shortening TTI schemes [24].

Figure 5.5 illustrates the average transmission time between D2D transmitter and re-
ceiver users. Generally, a subframe with a finer granularity is expected to shorten the
data transmission time. For example, the subframe with 14OS, i.e., LTE subframe, dis-
plays the highest transmission time ranging from 1 to 1.4 milisecond (ms). The average
transmission time for the subframe with the finest granularity, i.e., 2OS, is higher than
the flexible subframe in the sub-granting scheme. The reason is that the traffic payload
size generated by D2D transmitter is bigger than the transport block size needed for the
transmission, and thus multiple subframes with 2OS are needed to dump the available
traffic at the transmitter. For example, even for the smallest traffic payload, e.g., 80 bits,
with the highest modulation scheme, at least two subframes with 2OS are required. In
contrast, in the flexible subframe, i.e., customized subframe, the subframe size is chosen
based on the actual traffic payload at the transmitter. Besides, the receiver starts de-
coding the data while it is received by which the transmission time between D2D user is
further reduced. The average transmission time in the flexible subframe is about o.2ms
in the studied scenario, as shown in Figure 5.5.
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Figure 5.5: Average transmission time for D2D-UE for the different subframe
schemes in the sub-granting and sTTI schemes.

Recall that the DMRS and padding information are taken into consideration as overhead
in D2D communication. Figure 5.6 compares the overhead for the different subframe
schemes in the studied scenarios. The flexible subframe, i.e., customized subframe, in
the sub-granting scheme shows at least 30% less overhead compared with the other
shortening TTI and legacy LTE subframes. The overhead reduction is because, in the
customized subframe, the D2D transmitter appends less padding information to the
TB, and besides, the fewer number of the DMRS is adopted in the flexible subframe as
mentioned earlier. The subframe with 7OS shows a slightly higher overhead than the
subframe with 2OS. The reason is that the traffic payload is small, and thus more padding
information needs to be added on the subframe with 7OS, whereby the overhead on the
subframe with 7OS is increased compared with the subframe with 2OS. The results show
almost 82% overhead for the subframe with 7OS. Moreover, the subframes with 14OS
hold coarse granularity whereby increases the overhead, especially for the applications
with small traffic payload. Consequently, even though the sub-granting scheme imposes
the sub-granting signaling as explained earlier, it is observed that the imposed overhead
is less than that of other subframe schemes due to the flexibility of the subframe size
and padding information reduction.
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Figure 5.6: Average overhead for D2D-UE for the different subframe schemes in the
sub-granting and sTTI schemes.

5.3 Summary

In this section, we first numerically evaluated the flexible subframe in the sub-granting
scheme and compared it with different sTTI in terms of the cell and D2D through-
put. Also, the impact of traffic size on cell throughput was investigated. Recalling the
sub-granting scheme, a receiver capable of the sub-granting scheme needs some time
to decode the received sub-granting signaling and encode its data into the sub-granted
resources, denoted by the processing time. Here, the processing time impact on the
cell throughput was studied, and the impact of the D2D user activity rate on the cell
throughput in the sub-granting scheme was investigated. Inspiring from this analysis,
we introduce a flexible sub-frame, in which the padding information in the D2D trans-
mitter is reduced, and the D2D receiver is mandated to exploit the piggyback signaling
in the flexible subframe to be able to decode the data while it is received. The chapter
continues by comparing the overhead and data transmission time of the flexible sub-
frame in the sub-granting scheme with the shortening TTI schemes and the legacy LTE
subframe. Although in the flexible subframe in the sub-granting, a part of the subframe
is dedicated to the sub-granting signaling, the data transmission time and the overhead
are significantly reduced in favor of the flexible subframe in the subframe sub-granting
scheme.

Finally, it is observed that even the shortest subframes will impose some overhead,
especially for the applications with small-payload traffic, which results in increasing
transmission time. With insight into the done analysis, the flexible subframe design in
the sub-granting scheme seems a viable solution to efficiently exploiting the allocated
radio resources when the radio resources are allocated to the users in a semi-persistent



Chapter 5 . Sub-granting Radio Resource and Shortening TTI Schemes Comparison 77

manner. The next chapter will discuss how a beneficiary user is selected in the sub-
granting scheme to maximize the cell throughput.
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In Chapter 3, we cast the beneficiary user selection problem mathematically as an op-
timization problem to maximize the cell throughput. A centralized algorithm, i.e., a
Dedicated sub-granting, and distributed algorithm, i.e., open sub-granting, were pro-
posed by which the maximum number of beneficiary users are selected that resulted in
the cell throughput maximization. In this chapter, we first endeavor to evaluate the
dedicated sub-granting algorithm performance by comparing it with a random selection
algorithm. Then, a comparison between dedicated and open sub-granting algorithm is
conducted wherein the performance of both algorithms in a dynamic scenario is evalu-
ated.
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6.1 Dedicated Sub-granting and Random Selection Com-
parison

The beneficiary user selection problem in the sub-granting scheme was addressed by
a centralized algorithm, say DSGRR, as early discussed in the chapter 3 and in [26].
This section compares a dedicated sub-granting and random selection algorithms in
terms of cell throughput, the number of selected beneficiary users, and the beneficiary
user throughput. In the following sections, the simulation parameters and performance
metrics are first explained. Then, the observations and results are discussed.

6.1.1 Simulation Parameters

We assume a single cell system with a carrier frequency centered at 2.6 GHz. There are
100 RBs available, and 20 RBs are allocated to 20 D2D users in a semi-persistent manner.
The remaining RBs are scheduled among 50 D2I users based on their Channel Quality
Index (CQI) with each D2I user getting at least one RB. In this topology, the cell radius
is 600 meters. The channel models in [44] are used for path loss and log-normal fading
effects. Besides, we consider Rayleigh and Rician fading models for the fast fading
effects on D2I and D2D communications, respectively. Finally, the beneficiary user
selection process is performed at every time interval of 100 ms. Simulation parameters
are summarized in Table 6.1.

Table 6.1: Simulator setup parameters.

Parameter Value

Frequency, fc and BW 2.6 GHz, 20 MHz

Number of users 50 D2I, 20 D2D

Cell Radius 600 m

D2D Distance (d) 20 m

Channel Model [44] UMi-NLOS
αc: 3.67
µc : σ = 4 dB, Rayleigh
InH-NLOS
αd: 4.33
µd : σ = 4 dB, Rician,
K=20 dB

Traffic Model Packet size=10B, λ=1ms,
εDth=10−5 [1]

Power Control Open Loop Power Control
D2D (P0 = -70 dBm/RB)
D2I (P0 = -115 dBm/RB)

Noise Power Density (σ0) -174 dBm/Hz

MAX UE TX Power 23 dBm

D2D and D2I Antenna Gain 1 dB

eNB Antenna Gain 10 dB

εsgth 10−3

Simulation Runs (i) 10000
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6.1.2 Performance Metrics

We base our evaluation on the following metrics:

� Cumulative distribution function (CDF) of the cell throughput in case of consid-
ering/relaxing constraint (3.9e).

� Beneficiary user average throughput.

� The number of selected beneficiary users and the sub-granting signaling errors.

We evaluate the proposed algorithm in terms of the criteria mentioned earlier and com-
pare the proposed algorithm with no sub-granting (No SGRR) and random sub-granting
radio resource (Random SGRR) which are considered as baseline methods in our study.
In No SGRR, the allocated radio resources are being wasted when the D2D user has not
utilized the allocated resources. However, in the Random SGRR, a beneficiary user is
randomly being chosen in every sub-granting scheduling scale.

6.1.3 Results and Discussions

Taking into account the traffic requirements given in [1], we use same traffic model as in
Chapter 3 considering the parameters in Table 7.2. Besides, we assume that the indoor
hotspot non-line-of-sight (InH-NLOS) model for channel gains for all D2D communica-
tions while the urban micro hexagonal cell layout non-line-of-sight (UMi-NLOS) model
is considered for channel gains for the D2I communications. For both D2D and D2I
communications, LTE open loop power control is assumed [92]. The transmission power
distribution of D2I users is shown in Figure 6.2. As previously discussed, a geograph-
ical area for every D2D users, eLA, is determined, wherein the sub-granting signaling
message can reliably decoded. Figure 6.1 shows the relationship between the eLA and
desired received power, P0, in the open loop power control equation. Intuitively, for
a specified signaling error value (i.e., εsgth), a bigger eLA area is achieved at the cost of
higher D2D transmission power (higher P0).
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Figure 6.1: An illustrative example of eLA for different desired received power (P0).
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Figure 6.2: Illustration of beneficiary users transmission power distribution.

In Figure 6.3, the cell throughput is evaluated w/ and w/o power constraint (3.9e).
Compared to the proposed SGRR and Random SGRR, the No SGRR has significantly
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degraded performance, which is mainly due to radio resource wastage. In Figure 6.3(a),
when the power constraint is relaxed, the Random SGRR increases the cell throughput
by 10.5% compared with the No SGRR. Additionally, it is observed that the proposed
DSGRR increases the cell throughput by 25% compared with the Random SGRR. This
main reason is attributed to the selection of beneficiary users with the highest CQI.
Figure 6.3(b) illustrates the cell throughput that can be achieved considering the power
constraints. The cell throughput decreases by 2% for the proposed algorithm when the
power constraint is applied. The main reason is attributed to the transmission power
distribution in the studied scenario, as it is shown in Figure 6.2.
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Figure 6.4: Illustration of beneficiary D2I user throughput for different algorithms.

Figure 6.4 represents the achieved throughput by beneficiary D2I user applying the dif-
ferent algorithms when no power constraint is taken into consideration. The average
throughput achieved by the beneficiary user increases by 73% for the proposed DSGRR
compared with the Random SGRR. This reason is due to the fact that in the random
selection, the farther beneficiary users are chosen, which reducing the sub-granting sig-
naling decoding probability. Besides, in the random selection algorithm, no criteria,
e.g., CQI, in the selection process, are taken into consideration. Although the Random
SGRR shows a degraded performance compared with the SGRR, it can still achieve a
better performance than the No SGRR. We observe that the average beneficiary D2I
user throughput increases by 50% for the Random SGRR compared with the No SGRR.
The reason is that even in the Random SGRR selection, a part of the unused resources
can still be re-utilized by the selected beneficiary users.
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Figure 6.5: Number of selected beneficiary users.

Figure 6.5 and Figure 6.6 represent the number of selected beneficiary users and sub-
granting signaling errors for the Random SGRR and the proposed DSGRR algorithms.
Although the higher number of beneficiary users is selected in the Random SGRR than
the proposed DSGRR (see. Figure 6.5), the Random SGRR increases the sub-granting
signaling error by 40% (see. Figure 6.6). This is because, in the Random SGRR,
no constraints on the selection process are taken into consideration, and thus farther
beneficiary users are selected, which might increase the likelihood of not decoding the
sub-granting signaling.
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Figure 6.6: Sub-granting signaling errors for Random SGRR and DSGRR algorithms.

6.2 Dedicated and Open Sub-granting Comparison

A centralized approach might incur significant overhead on the network due to the
necessity of measurements in a dynamic environment. The measurement burden can
be offloaded to the D2D and D2I users through a distributed approach. In Chapter 3
a distributed approach was decribed wherein all D2I users as a bidder contributes to
an auction to identify a beneficiary user for every sub-grant provider [27]. Here, in
this section, we compare a distributed method, say OSGRR, with a DSGRR in terms
of some performance criteria. To this aim, first, the simulation setup parameters and
performance metrics are described, and then the results and observations are discussed.

6.2.1 Simulation Parameters

We assume a single cell system with a carrier frequency centered at 2.6 GHz. There
are 100 RBs available, and 40 RBs are allocated to 40 D2D users so that each D2D
user is assigned an RB in a semi-persistent manner. The remaining RBs are sched-
uled among 60 D2I users equally. In this topology, the cell radius is 300 meters, and
all users are uniformly distributed within the cell and move in random directions with
constant speeds. At the cell border, the UEs select a random direction towards inside
the cell and continue moving inside the cell. The channel models in [44] are used for
the path-loss and large-scale fading, i.e., shadowing effects. More specifically, the in-
door hot-spot non-line-of-sight (InH-NLOS) and the urban micro hexagonal cell layout
non-line-of-sight (UMi-NLOS) models are regarded as channel gains for the D2D and
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D2I communications, respectively [44]. Besides, we consider the Rayleigh and Rician
fading models to capture the small-scale fading effects, but without loss of generality,
we assume that the channel conditions do not vary during the sub-granting signaling
and bid information transmission. For both D2D and D2I communications, LTE open
loop power control is assumed [92]. The transmission power distribution of D2I users
is shown in Figure 6.7. In this study, we apply same traffic model as explained in the
Chapter 3 based on the requirements given in [1] (See Table 6.1).

To avoid any non-uniformity in user distribution due to mobility inside the cell and have
more realistic outcomes, the simulator is run ten times in which the simulation duration
is 4000ms, and then the results are averaged over every simulation run. Most of the
simulation parameters are the same as the previous study, summarized in Table 6.1.
In addition, those simulation parameters that are new or modified for this study are
summarized in Table 6.2.

Table 6.2: Network parameters used in the simulator.

Parameter Value

Number of users 60 D2I, 40 D2D

Cell Radius 300 m

User Velocity 30Kmph

Power Control Open Loop Power Control
D2D (P0 = -90 dBm/RB)
D2I (P0 = -107 dBm/RB)

Simulation Runs (i) 4000

Tme, Tpos, Tbr 480ms

β 0.9
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Figure 6.7: D2I Transmission Power Distribution.
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6.2.2 Performance Metrics

The following metrics are studied in our study:

� Uplink cell throughput.

� Average throughput of beneficiary user.

� Number of selected beneficiary users.

� Sub-granting signalling errors rate.

� Overhead rate.

6.2.3 Results and Discussions

As indicated in the DSGRR algorithm, for every sub-grant provider, a geographical
area eLA is specified, wherein the sub-granting signaling message can be reliably de-
coded. This way, the measurement transmission to eNB, which is needed for the ben-
eficiary resource selection, is avoided. Recalling that the relationship between the eLA
and desired received power, P0, in the open-loop power control equation is shown in
Figure 6.1 in Section 6.1.3. Considering a specified signaling error value (i.e., εsgth), a
bigger eLA area is achieved at the cost of higher D2D transmission power (higher P0).
Despite the circular eLA shape shown in Figure 6.1, the actual geometry eLA is irregular
and thus far from being circular. The reason is because of large-scale fading phenomena,
i.e., shadowing, employed in (3.10), different signal power around the sub-grant provider
is received. Thus, the spatial geometry of the eLA area is distorted. In our analysis,
we assume an identical shadowing around a sub-grant provider in every eLA estimation
interval whereby a circular eLA is formed.

As discussed in Algorithm (3.6.2), the value β should be set in a way to achieve the
maximum gain from the sub-granting resources. Figure 6.8 illustrates the impact of β
value on the uplink cell throughput. When β value is set to 0.1, the achieved throughput
is 3.5% less compared with the β value of 0.9. It is because, in the latter one, the
beneficiary users with better CQI value towards the BS are selected. Although the
difference between the achieved throughput with β values of 0.9 and 0.5 is marginal
in the studied scenario, the results show the slightly higher uplink throughput when β
value is set at 0.9.
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Figure 6.8: Impact of beta value on cell throughput for the OSGRR. The highest
cell throughput is achieved at a value of β 0.9.

Although using a centralized approach could achieve an optimal solution for the bene-
ficiary users’ selection problem, it will increase the burden of overhead arising from the
measurement. Therefore, an eLA based beneficiary selection algorithm, i.e., DSGRR,
was proposed in [26] where the overhead is reduced. However, in the DSGRR algorithm,
a large-scale fading can only be estimated, whereas, in the OSGRR algorithm, both
large- and small-scale are captured in the measured received strength signal from the
sub-grant provider users. Due to the small-scale fading in the OSGRR, the probability
of receiving a signal from the sub-grant provider is higher. As a result, the average
coverage radius of a sub-grant provider becomes bigger in the OSGRR than the eLA
area, estimated in the DSGRR. Figure 6.9 shows an illustrative example of a coverage
area for the OSGRR and DSGRR algorithms.
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Figure 6.9: An illustrative example of the sub-grant provider coverage area for
measurement-based and eLA-based approaches.

Considering the above explanation, more beneficiary users receive the sub-granting sig-
naling in the OSGRR, which the chance of the sub-granting resources being used by the
beneficiary users increases.

To prove this, the number of the candidate beneficiary users of every sub-grant provider
for both algorithms is investigated. As shown in Figure 6.10, the number of the candi-
date beneficiary users is higher in the OSGRR compared with the DSGRR. The reason
is that the measurement-based method, i.e., OSGRR, will increase the probability of
receiving the sub-granting signaling. It is worth noting that the uniform large-scale
fading assumption in the eLA computation causes to have a lower number of the can-
didate beneficiary users of ever sub-grant provider in the DSGRR, resulted in further
performance degradation in the DSGRR algorithm.
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Figure 6.10: An illustrative example of the average number of candidate beneficiary
users of every sub-grant provider.

Further observation is conducted to show the impact of sub-granting signaling measure-
ment on the beneficiary selection process. For this, the small-scale fading effect and
overhead are not considered for both algorithms. It is observed that both algorithms
achieve almost the same uplink cell throughput (see Figure 6.11). Note that the marginal
difference is due to the stochastic essence of the large-scale fading in both algorithms,
whereby the different number of beneficiary users may be selected.
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Figure 6.11: An illustrative example of comparison of the uplink cell throughput for
both algorithms in a scenario with stationary users where the overhead and small-scale

fading are not considered.

In the dedicated sub-granting algorithm, i.e., DSGRR, every entity transmits CSI mea-
surement and position information to the eNB at a time interval of 480 ms. Then, the
eNB informs the sub-grant provider user about the beneficiary user identity through
control information. These measurements and control information is conveyed by the
uplink/downlink LTE physical layer control channels. This study assumes the band-
width of one resource block and modulation coding scheme of QPSK-1/2 to carry the
control information and measurement information in both downlink and uplink, respec-
tively. The overhead due to the uplink measurement is calculated by (sub-carrier) ×
(OFDMA symbols) × (modulation order) × (code rate) = 12×14×2×1/2

8 = 21 bytes and
considering 3 bytes for Cyclic Redundancy Check (CRC), total overhead has amounted
to 24 bytes [92].

In the downlink, the overhead is 12×3×2×(1/2)
8 = 5 bytes, and 3 bytes is added as CRC

resulted in 8 bytes overhead for the beneficiary user selection indication.

Also, given that every cellular user is equipped with a global positioning system (GPS),
every user caters for the cellular network location information (e.g., location estimate,
pseudo-range, velocity). Considering the uplink user-assisted information in [97], the
overhead due to position information, the MAC layer information, and physical layer
information, is about 40 bytes. In this study, it is assumed that the network can obtain
a sufficiently accurate position of every user employing user-assisted information.

In the open sub-granting algorithm, i.e., OSGRR, every beneficiary user offers a bid
value on the sub-granting resources, and a beneficiary user offering the highest value
can utilize the sub-granting resource for a specific transmission interval time, e.g. 480
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ms. In (3.13), one byte is required to indicate the CQI values, and 4 bytes are used
to show the beneficiary user’s unique number γm. Considering overhead of MAC and
physical layers, i.e., 6 bytes, [92], the OSGRR imposes 11 bytes overhead to indicate
the bid value. Note that the sub-granting signaling imposes 1 byte overhead on both
algorithms [23]. Table 6.3 illustrates components and size of the overhead for both
algorithms.

Table 6.3: An illustration of overhead components and size in the OSGRR and DS-
GRR.

Selection Algorithm Overhead Components Size(Byte)

DSGRR Position information
Measurement information (e.g.,
buffer status, power head room)
Beneficiary user selection signaling
Sub-grant signaling

40
24

8
1

OSGRR Bidding information
Sub-grant signaling

11
1
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Figure 6.12: Overhead comparison between open sub-granting and dedicated sub-
granting algorithms. The impact of different position information and measurement

transmission interval for the dedicated sub-granting algorithm is shown.

Figure 6.12 compares the overall overhead between the OSGRR and the DSGRR algo-
rithms when the biding transmission interval and position and measurement information
transmission interval are the same for both algorithms. Also, the impact of CSI mea-
surement and position transmission interval on the DSGRR algorithm is examined. It
can be seen that the overhead on the DSGRR algorithm is higher than the OSGRR
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algorithm. The reason is that in the beneficiary user selection process, the volume of
measurement and position information that are transmitted to the eNB in the DSGRR
algorithm is higher than the biding information exchanged between users in the OSGRR
algorithm.

The overhead on the DSGRR is reduced when the measurement transmission interval
increases from 480 ms to 8 × 480 ms; however, the result still shows less overhead in
favour of the OSGRR algorithm. The reason is that the OSGRR needs a few bytes to
broadcast the bids and does not impose any CSI and position information transmission
overhead on the eNB. Although in the DSGRR, the overhead can be further reduced by
the increment of the measurement transmission interval, the performance will deteriorate
as the outdated measurement information is used for the beneficiary user selection.

Figure 6.13 demonstrates the number of selected beneficiary users for both algorithms.
The results show that the average number of selected beneficiary users in the OSGRR
algorithm is about 10% higher than that of the DSGRR algorithm. As previously
discussed, in the OSGRR, a beneficiary user has a higher chance of receiving the sub-
granting signalling than the DSGRR due to a measurement-based selection. For exam-
ple, in the DSGRR, if a beneficiary user is the only candidate at the border of the overlap
eLA area of two sub-grant providers, the beneficiary user can be only selected by one
of the sub-grant provider users. In contrast, in the OSGRR, farther beneficiary users
may receive sub-grating signaling from a sub-grant provider user not assigned to any
beneficiary user, resulted in increasing the number of selected beneficiary users. Also,
the results confirm that the OSGRR algorithm can serve a higher number of beneficiary
users than the DSGRR algorithm.
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Figure 6.13: Comparison of the average number of selected beneficiary users between
the DSGRR and OSGRR algorithms.
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Figure 6.14 compares the sub-granting errors for the OSGRR and DSGRR algorithms
for different position information and measurement transmission interval. The DSGRR
shows a lower error rate compared with the OSGRR considering the same transmission
interval for position information, CSI, and bid information. The reason is that in the
OSGRR, farther beneficiary users are selected, which increases the probability of not
decoding the sub-granting signaling owing to the fading between the sub-grant provider
and the beneficiary user. In the DSGRR, when CSI and position information trans-
mission interval increases by eight times, the sub-granting signaling errors increase by
more than two times due to using the outdated eLA information during the beneficiary
selection process.
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Figure 6.14: Sub-granting errors comparison between the DSGRR and OSGRR al-
gorithms.

Figure 6.15 shows the impact of the CSI and position information transmission inter-
val on the DSGRR throughput and compares both DSGRR and OSGRR algorithms in
terms of cell throughput. Also, the closeness of both algorithms to the maximum achiev-
able cell throughput is evaluated. To this end, the cell throughput of the DSGRR and
OSGRR algorithms are compared with the case w/o any sub-granting algorithm and
the maximum achievable cell throughput when all the allocated radio resources are fully
utilized. Considering the same transmission interval and speed, as shown in Table 7.2 for
both algorithms, the OSGRR shows slightly better results than the DSGRR. The over-
head and the number of selected beneficiary users are two factors that mainly contribute
to the cell throughput degradation in the DSGRR compared with the OSGRR. As indi-
cated in Figure 6.12, the overhead contributes only to about 5% of the cell throughput
reduction in the DSGRR. Another factor in the cell throughput reduction is that hav-
ing a lower number of selected beneficiary users in the DSGRR, resulted in a higher
throughput in favor of the OSGRR.
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When the transmission interval increases by eight times, the cell throughput in the
DSGRR gradually decreases during simulation runs. The results show about a 10%
reduction in the cell throughput than the cell throughput with a shorter transmission
interval. In contrast, the cell throughput remains almost constant in the OSGRR over
the simulation runs. The results show that the OSGRR could achieve around 85%
of the maximum cell throughput. The remaining 15% reduction is mainly due to the
sub-granting signaling overhead and lack of a beneficiary user candidate or finding a
beneficiary user with the highest MCS. It is noteworthy to mention that 35% of the
allocated radio resources are wasted w/o sub-granting scheme (see Figure 6.15).
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Figure 6.15: Performance of different approaches in terms of cell throughput. The
impact of measurement and position information transmission interval for the dedicated

algorithm is shown.

Figure 6.16 depicts the beneficiary user’s average throughput for both algorithms, con-
sidering the exact measurement, position, and bidding transmission interval. Also, the
figure compares both algorithms with no SGRR being applied. Both algorithms show
about a 55% increase compared with no SGRR. This is due to the re-utilization of
the unused resources in both algorithms. Although the OSGRR shows higher signal-
ing errors compared with the DSGRR (see Figure 6.14), the average beneficiary user
throughput is slightly higher than the one achieved by the DSGRR algorithm. The
reason is mainly that more beneficiary users are selected in the OSGRR compared with
the DSGRR, and thus the more beneficiary users can re-utilize the sub-granting radio
resources resulted in achieving a higher throughput in the OSGRR.
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Figure 6.16: Comparison of the average uplink throughput of beneficiary user for
different approaches.

6.3 Summary

This chapter endeavored to quantify the beneficiary user selection problem in the sub-
granting scheme by evaluating the performance of different algorithms in terms of the
throughput, overhead, and the number of selected beneficiary users. To this aim, we first
evaluate a centralized algorithm, i.e., DSGRR and compare it with a Random SGRR,
when all users are stationary. It was observed that the DSGRR algorithm has a better
performance in the studied scenario compared with the Random SGRR. The reason is
mainly due to considering a selection metric in the beneficiary user selection procedure.
However, this technique is not applicable in a scenario with users with high mobility due
to the significant overhead incurred by the measurement and positioning information
transmission to the network. To avoid such complication, we proposed a distributed
approach, i.e., OSGRR, wherein the complexities have been offloaded to the users and
users interact with each other cooperatively to select an appropriate beneficiary user
for the underutilized radio resources through the sub-granting scheme. The study is
followed by comparing the performance of DSGRR with OSGRR algorithm in a fully
dynamic scenario.

The overhead of both algorithms is evaluated considering the channel state informa-
tion, position information, biding information, and sub-granting signaling exchanged
among different entities at different transmission intervals. Moreover, both OSGRR
and DSGRR algorithms are evaluated in terms of cell throughput, user throughput, and
sub-granting signaling errors. Finally, the uplink cell throughput for both algorithms is
compared to the maximum achievable uplink cell throughput.
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The results show that the overhead imposed by the OSGRR algorithm is less than the
DSGRR algorithm. Furthermore, it is observed that the OSGRR algorithm outperforms
the DSGRR algorithm in terms of the uplink cell and user throughput, as the OSGRR
algorithm can select more number of beneficiary users than the DSGRR algorithm.

The discussion and analysis in this chapter gave us a glimpse into what would be required
to generalize the solution of the OSGRR algorithm, especially for autonomous resource
selection in V2X communication on the different scenarios. The next chapter discusses
the autonomous resource allocation problem for NR V2X network considering reliability
and energy efficiency aspects.
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This chapter endeavors to investigates a joint energy efficiency and sum-rate maximiza-
tion problem in autonomous resource selection in the 5G new radio (NR) vehicular
communication while catering for reliability and latency requirements. An autonomous
resource allocation problem is formulated as a ratio of sum-rate to energy consumption,
where the objective is to maximize the total energy efficiency of power-saving users
subject to the reliability and latency requirements. The energy efficiency problem is a
mixed-integer programming optimization problem that is computationally complex when
the number of users increases. Therefore, a heuristic algorithm, density of traffic-based
resource allocation (DeTRA), is proposed to solve the problem. The traffic density per
traffic type is considered a metric to split the radio resources and trigger an appropriate
resource selection strategy. The simulation results show that the proposed algorithm
outperforms the existing schemes in terms of energy efficiency.
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7.1 Introduction

Energy efficiency is one of the prominent key performance indicators (KPI) in the 5G
networks. The 3rd Generation Partnership Project (3GPP) recently completed a study
targeted at the reduction of power consumption on user equipments (UEs) [98]. As pre-
viously explained in Section 2.3.3, the V2X communication is one of the use cases in 5G
that is recently revolutionized by introducing many different communication types, e.g.,
from vehicular users to power-saving users [8]. The power-saving users, e.g., pedestrian,
e-Bike, electric car, communicating to the nearby vehicles are usually equipped with a
battery, and thus energy should be utilized more efficiently.

Resource allocation and power control have been the main research topics in V2X com-
munications, where the goal is to optimize spectral efficiency, reliability, latency, and
energy efficiency. Authors in [75] propose a joint resource allocation and power control
method to optimize energy efficiency for electric cars. The results show the proposed
method can be effective in certain scenarios, e.g., when every vehicle satisfies a mini-
mum rate requirement. Authors in [76] propose a new resource allocation method for
delay-tolerant applications with energy efficiency and latency constraints. The method
is implemented in a two-step algorithm, where in the first step, optimal power is al-
located while relaxing the latency constraint. Then, the radio resources are allocated
when both latency and energy consumption constraints are satisfied.

The recent progress in 3GPP specify a promising framework for V2X communication in
LTE and NR to ensure the reliability and latency required by different V2X use cases.
Authors in [40] overview the latest enhancements concerning standardization in NR V2X
communications. NR V2X mainly targets ensuring the reliability, latency, and spectral
efficiency for different use cases [8]. However, the vehicular user with an unlimited energy
source is assumed, and the power-saving users with a limited energy source, e.g., e-bikes
and electric cars, are not considered. In the autonomous resource allocation procedure,
i.e., Mode 2, vehicular user equipment (V-UE) performs sensing continuously before
each data transmission triggering time interval. This sensing procedure is essential prior
to any resource selection triggering time instance at the transmitter V-UE to ensure
the reliability of the transmission and avoid any collision. However, this increases the
energy consumption of the transmitter users.

In LTE V2X, two resource selection procedures, partial sensing and random resource
selection, were introduced to cater for the power-saving users [19]. Random resource
selection is the procedure where a power-saving UE does not carry out sensing but ran-
domly selects resources for its intended transmission from the configured radio resource
pool. Another power-saving resource selection method specified in the LTE V2X is
partial-sensing. It allows power-saving UEs to perform sensing for defined time inter-
vals, resulting in energy saving.

Note that in LTE V2X, periodic traffic is dominant, and the traffic with few periodicities
is supported. Thus, a power-saving UE only needs to perform the sensing at specific
time intervals. However, traffic with different periodicities in NR V2X poses a significant
challenge to the resource selection strategy for the power-saving users. The problem is
intensified by the introduction of aperiodic traffic in conjunction with periodic traffic in
NR V2X. Therefore, in 3GPP plenary meeting [20], it was decided to leverage the existing
resource allocation procedures in NR V2X considering both periodic and aperiodic traffic
types for the power-saving users.
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This chapter proposes a resource selection algorithm to jointly optimize spectral effi-
ciency and energy consumption for the power-saving V-UEs in NR V2X while consider-
ing the reliability and latency requirements. The proposed algorithm exploits the traffic
density measurement for each traffic type to split the bandwidth part and chooses the
appropriate resource selection strategy within the dedicated bandwidth part [28].

7.2 System Model

We consider an urban area with M V-UEs, uniformly distributed within this area,
where some of the V-UEs are with a limited source of energy, i.e., electric cars. The
V-UEs, both transmitter and receiver, are represented by the set M = {1...M}. In
our study, both frequency and time domains are considered, where a portion of band-
width F is scheduled for the V-UEs. The allocated bandwidth is divided equally into
K sub-channels in the frequency domain for each transmission unit. Moreover, one sub-
channel over a scheduling time unit is defined as one resource block (RB). The V-UE
selects a set of contiguous sub-channels proportional to its traffic payload and transmis-
sion parameters through a sensing procedure or a random selection procedure. Here, a
broadcasting strategy for both periodic or aperiodic traffic types [99] are assumed. In
general, the transmitter V-UEs are allowed to transmit on the same resources when the
sensing measurement on the sub-channels is below a received signal threshold configured
by the higher layers. All receiver V-UEs who are within the communication range of the
transmitter V-UEs are able to receive the transmission. Figure 7.1 illustrates the system
model where two V-UEs are transmitting on the same RBs within an area controlled by
the network. The following assumptions are made in this study:

� The radio channel model between all vehicular users assumed in Section 3.3 is
applied. .

� gNB and Global Navigation Satellite System (GNSS) are used as primary synchro-
nization reference for all V-UEs, respectively.

� Open-loop power control is assumed, and the output transmit power of m − th
V-UE Pm is expressed as

Pm = min
(
P TX0m Gm, PMAX

)
,∀ m = 1, ...,M, (7.1)

where P TX0m is a transmitted power corresponding to the desired received power
for m− th V-UE user related to the reliability requirements of the application and
the higher layer configures it. The value PMAX is the maximum power that the
m-th V-UE is allowed to transmit, configured by the network. And, Gm stands
for channel gain computed by (3.1).

7.3 Energy Efficiency and Resource Allocation Problem

The V-UEs usually have different reliability and latency requirements. Considering a
finite number of available RBs, the reliability is depending on the instantaneous signal
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to noise plus interference (SINR) ratio on the RBs. The SINR of an intended receiver
V-UE in a communication range of m− th transmitter V-UE is given:

γm =
Pm|gm|2

N0 +
∑M

l=1, l 6= m Pl|glm|2
, (7.2)

where N0 is an additive white Gaussian Noise (AWGN) and Pm, and Pl are transmission
and interference power. Moreover, gm, i.e., |g| = G, and glm stand for the channel
coefficients of m− th transmitter and interfering transmitters to the intended receiver,
respectively. In this study, we use the effective exponential SINR mapping method
through which the effective SINR value is derived [100]. The receiver V-UE measures
instantaneous SINR γmk on the allocated sub-channels k and then exponential effective
SINR γeffm for each receiver V-UE towards m− th transmitter V-UE yields as follows:

γeffm = −β ln

(
1

KmBm

K∑
k=1

exp

(
−γmk

β

))
, (7.3)

where Km and Bm are the total numbers of sub-channels and corresponding allocated
RBs. The parameter of β is a factor such the effective SINR can be mapped onto
a lookup table of SNR versus BLER curve precomputed under AWGN channel for a
given MCS in order to model BLER [100]. The packet is considered as a successfully

decoded packet when γeff is higher than γhighth . The value of γhighth is the maximum SINR
thresholds from the AWGN BLER lookup tables corresponding to the required BLER
εreq and MCS in which the packet is decoded correctly. In contrast, the received packet
is considered as an undecoded packet when γeff is less than the minimum threshold
SINR γlowth . Note that for the case the γeff is between the two bounds, the probability
of errors from the AWGN BLER lookup table is taken. Finally, the likelihood of the
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m  
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Figure 7.1: The system model illustrates an exemplary model with two transmitter
V-UEs and two receiver V-UEs wherein m− th and l− th transmitter V2X users from
M are transmitting on the same resources when the channel coefficients received from

counterpart transmitter V-UEs, gml, glm are below a certain threshold.
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Table 7.1: List of Notations

Notation Interpretation

K Set of sub-channel, k = 1, ...,K
M Set of V2V users, m = 1, ...,M
F Set of available RBs on gNB
B Number of RBs per sub-channel, b = 1, ..., B
X Allocation indicator
α Path loss component
µ Fading component
σ0 White Gaussian noise
σ Shadowing
γ Signal to noise and interference
Pm Transmit power of m− th V-UE, m = 1, ...,M

PMAX Maximum transmit power
q Modulation and coding scheme
εreq General term for BLER
T data transmission time

τMAX Maximum transmission delay
τs Sensing window
Ns Number of sensing samples
τ Transmission time interval

τproc Processing time
τa Resource selection triggering time
E Energy consumption (Joule)
Q Priority of packet
L Traffic density of network

dropped packet ε at the receiver V-UE is given by:

ε =


1, if γeff < γlowth ,

0, if γeff ≥ γhighth ,

ε, otherwise,

(7.4)

As mentioned earlier, when resource selection at transmitter V-UE is triggered, the
time resource for transmission of the packet at m-th transmitter V-UE, τm, is bounded
between triggering time, τa, and the maximum packet delay budget, τMAX :

τa + τproc < τm ≤ τMAX . (7.5)

where τproc is a processing time at the transmitter V-UE.

In general, the energy consumption can be represented by the amount of energy dissi-
pated by a circuit block, say Pc, for data transmission time, T TX and total time a V-UE
involves its receiver hardware, TRX , to receive the transmitting data. In Mode 2, the
sensing procedure also contributes to energy consumption at V-UEs. Let us consider a
single-input single-output (SISO), and single-carrier (SC), the energy consumption by
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m-th V-UE, Em is:

Em (P,Ns) =
K∑
k=1

(
T TXmk P

TX
c (Pmk) + TRXmk P

RX
c

)
+

Nm
s∑

n=1

Ps
n

Fs
,

0 ≤ Nm
s ≤ τs, ∀m = 1, ..,M, ∀k = 1, ...K,

(7.6)

where Ps is energy consumption per transmission slot due to processing and buffering of
sensing measurement in the unit of watts. Ns denotes the total number of sensing slot,
and Fs is the sampling frequency of sensing in a slot. As a result, the sensing duration
of a V-UE is given by τs = Ns

FS
. The P TXc and PRXc indicate the dissipated power in all

the circuit block of transmitter and receiver V-UE to operate the device for standard
transmission and reception except the sensing measurement. We should also remark
that the circuit power P TXc depends on transmit power Pmk (see (7.1)) [98].

Focusing on communication aspect of V2X communication, total number of transmitted
packets by m-th transmitter V-UE on a sub-channel k in every transmission interval
that can be successfully received by the receiver V-UEs is expressed by sum-rate Rmk:

Rmk = TRXm KmBm log2(1 + γmk), (7.7)

To achieve more realistic sum-rate, we compute the sum-rate Rm based on the mul-
tiplication of the number of RBs within the allocated sub-channels K with MCS q
corresponding to SINR and BLER (see (7.2) − (7.4)). Moreover, to relate the RBs and
transmitter V-UEs in every transmission time interval τ , we define a mapping variable
X : M → K. The mapping variable, Xmk is a binary variable that equals 1 if a resource
k is assigned to m-th transmitter V-UEs, and 0 otherwise.

Here, we consider a trade-off between sum-rate and energy consumption. To this aim,
the energy efficiency (EE) is defined as a ratio of the sum-rate to corresponding energy
consumption, considering the latency and reliability requirements as constraints. The
energy efficiency is then cast as a maximization problem as follows:

maximize
Nm
s , (m,k) ∈ CM×K

EE

=
M∑
m=1

∑K
k=1XmkRmk∑K

k=1

(
T TXmk P

TX
c (Pmk) + TRXmk P

RX
c

)
+
∑Nm

s
n=1 Ps

n
Fs

,
(7.8a)

subject to
Xmk ∈ {0, 1} ∀ m = 1, ...,M, ∀ k = 1, ...,K, (7.8b)

Nm
s ∈ [0, τs] , ∀ m = 1, ...,M, (7.8c)

M∑
m=1

Xmk = 1, if γm ≥ γth ∀ k = 1, ...K, (7.8d)

εm ≤ εreq, ∀ m = 1, ...,M, (7.8e)

τam + τproc ≤ τm ≤ τMAX , ∀ m = 1, ...,M, (7.8f)
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K∑
k=1

Pmk ≤ PMAX , ∀ m = 1, ...,M, ∀ k = 1, ...,K, (7.8g)

In the problem formulation, Xmk is a binary variable that equals 1 when k-th RB
is assigned to the m-th transmitter V-UE. It is worth mentioning that all V-UEs are
allowed to share the same sub-channels providing that the received signal strength on the
sub-channel are below a specific threshold. In constraint (7.8c), the number of sensing
instances for every V-UE is determined. Constraint (7.8d) limits the sub-channel sharing
when the received signal on the sub-channel is higher than the configured threshold. The
constraints (7.8e) and (7.8f) considers the reliability and latency required by the packet
in transmission parameters and time-frequency resource selection. The constraint (7.8g)
ensures that the maximum transmission power of each V-UE is limited by a specific
threshold during the data transmission.

The input to the problem (7.8) consists of the number of the sub-channel K, the num-
ber of V-UEs M , the reliability requirement εreq, and latency requirement τMax of the
packet. Moreover, the channel gain between vehicular users is given and the correspond-
ing transmission power Pmk is allocated through (7.1). The output is represented by
Xmk, Ns for every V-UEs.

The energy efficiency problem (7.8) is a mixed-integer programming problem and when
the number of users is high, the optimal solution might be achieved at the cost of
the high number of iterations, making the algorithm intractable or be converged at a
sub-optimal solution in a limited time. Therefore, in the following section, we propose a
heuristic algorithms as closed-form solutions to the problem mentioned above for specific
scenarios.

7.4 Density of Traffic-based Resource Allocation (DeTRA)

As explained earlier, the sensing-based resource selection is chosen as a solution through
which radio resources are selected autonomously in NR V2X. However, the algorithm was
proposed based on the assumption that a V-UE has no limitation on energy consumption
and thus, energy efficiency was not considered in the resource selection procedure. Here,
we take the energy efficiency aspects into account and propose a heuristic algorithm
by leveraging the sensing-based resource selection procedure. The proposed algorithm
could achieve near-optimal solutions in terms of sum-rate to the sensing-based resource
selection, while less energy is consumed. This way, the problem (7.8), cast earlier in the
previous section, is solved.

This study assumes that the central control unit or a nearby V-UE provides the trans-
mitter V-UE with the channel busy ratio (CBR) measurement information per traffic
type, i.e., periodic and aperiodic.

The per traffic CBR measurement is then used to split the configured bandwidth, i.e.,
resource pool. To be more specific, size of the resource pool is determined based on the
traffic density of periodic and aperiodic traffic. This way, a part of the resource pool
is configured to be used by the V-UEs generating periodic traffic, and the remaining
amount is used for the V-UEs with aperiodic traffic. In addition, the V-UEs with
periodic traffic is mandated to perform sensing-based resource selection. In contrast,
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the V-UEs with aperiodic traffic are instructed to perform random resource selection
within the dedicated resource pool.

In the proposed algorithm, the traffic density of periodic traffic LP , traffic type of a
generated packet at the transmitter V-UE τ txres, and maximum delay afforded by packet
τMAX and resource selection triggering time τa are considered as input parameters. The
time difference between resource selection triggering time and maximum packet latency
and the processing time is computed. In the case of aperiodic traffic, if the traffic density
of periodic traffic is below a certain threshold, the user is mandated to perform a random
selection from the dedicated resource pool (see lines 4− 8). For periodic traffic, V-UEs
perform the sensing-based resource selection on the corresponding dedicated resource
pool (see lines 10− 12), configured for the periodic traffic. When the periodic traffic
load is higher than a specific threshold, the V-UE adopts to perform the sensing-based
resource selection.

Finally, it is worth mentioning that the proposed algorithm has the same computational
complexity as the sensing-based resource selection algorithm.

Algorithm 7.4.1 Density of Traffic-based Resource Allocation

1: procedure Resource Selection
2: Input:τ txres, LP , L

th
P , τMAX , τa

3: T = τMAX − τa − τproc
4: if LP ≤ LthP then
5: if τ txres == Aperiodic then
6: NTotal ← dLp ×Ke × T
7: Select randomly k ∈ [0,K] from NTotal

8: X ← k
9: EndIf

10: if τ txres 6= Aperiodic then
11: NTotal ← d(1− Lp)×Ke × T
12: Update X through Normal Sensing Procedure

13: EndIf
14: else
15: Update X through Normal Sensing Procedure

16: EndIf
17: Output: Return X

7.5 Simulation Results and Discussions

We assume a single grid in urban grid model [99] controlled by a gNB, with a carrier
frequency centred at 5.9 GHz. All V-UEs perform autonomous resource selection, and
the Quadriga tool in [101] is used to generate the channel model characteristics for
V2V communication non-line of sight and line of sight in the urban scenarios as defined
in [99]. Besides, a high density periodic and aperiodic traffic model in [99] with traffic
packet size and packet time interval as shown in Table 7.2 is used. Each V-UE is
only allowed to broadcast one of the traffic types during the simulation run. For the
transmission parameters, the bandwidth is equally divided into different sub-channels,
and each sub-channel comprises 10 physical resource blocks. The transmit power of each
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V-UE is computed from (7.1) based on the configured desired received signal, P0, and
does not change during the simulation run. Note that the transmitter V-UE uses a fixed
modulation scheme, i.e., 16QAM-1/2, during its transmission. The energy consumption
for transmission, reception, and sensing per transmission time interval (TTI) is set as
specified in [98]. In this study, a 3GPP compliant simulator is used, and the simulation
is repeated 10 times, where each simulation takes 10s to complete. Further simulation
parameters are summarized in Table 7.2.

7.5.1 Performance Metrics

We base our evaluations on the following metrics:

� Energy efficiency (EE): the energy efficiency is defined as fraction of sum-rate over
the power consumption in every transmission time. The sum-rate is computed
based on (7.7) as explained earlier.

� Average per-user power consumption: the per user energy consumption is obtained
from the power consumption model in (7.6).

� Packet reception ratio (PRR): is defined as the average number of successfully
received packets from a transmitting V-UE to all receiving V-UEs in a specific
range, i.e., [0, 150m] in urban scenario [99].

Table 7.2: Network parameters used in the simulator.

Parameter Value

Frequency, fc and BW,
Sub-carrier spacing

5.9 GHz, 20 MHz, 15kHz

Number of V-UEs 50

Velocity of vehicles 60 Km/h (option A in [99])

Gemotery deployment Urban scenario (1x1 grid, i.e.,
433 m x 250 m) in [99]

Channel Model [19] Large scale parameters (Table
6.2.1-1-Urban)
Small scale parameters (Table
6.2.3-1)

Traffic Model Periodic and Aperiodic:
Packet size = 390B, λ =
10ms, εreq = 10−1

Power Control Open Loop (P0 = -104 dB-
m/RB)

Noise Power Density (σ0) -174 dBm/Hz

MAX UE TX Power,
PMAX

23 dBm

Power consumption of
transmission (P TXc )

700 (mwatt) (23dBm) [98]

Power consumption of re-
ception (PRXc )

200 (mwatt) [98]

Power consumption of sens-
ing (Ps)

100 (mwatt) [98]

γth -110 dBm

Simulation Time 10s
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7.5.2 Results and Discussions

We evaluate the proposed algorithm, i.e., DeTRA, and compare it with available the
state of the art, i.e., sensing-based resource selection and random resource selection in
terms of PRR. Moreover, the DeTRA algorithm is compared with the sensing-based
resource selection in terms of the average energy consumption per user and energy
efficiency. Note that the transmitter V-UEs with periodic traffic reserve time-frequency
radio resources for the whole simulation run. In contrast, in the case of aperiodic traffic,
only one time-frequency radio resource is reserved.

Figure 7.2 compares average PRR for the sensing-based resource selection, the proposed
algorithm and random resource selection. Average PRR for different algorithms per
traffic type densities, i.e., periodic, is evaluated. From the figure, it is revealed that the
PRR of the sensing-based resource selection increases proportionally to the periodic traf-
fic density. In contrast, the PRR of the random resource selection is slightly decreasing
with the periodic traffic density increase. Recall that for the periodic traffic, a transmit-
ter reserves whole radio resources needed for its transmission considering the periodicity
of the packet. This increases the probability of collision in the random selection. In
contrast, for the sensing algorithm, the collision can be mostly avoided employing the
sensing procedure explained in the autonomous resource selection, i.e., Mode 2, earlier.
It can also be seen when the density of periodic traffic is low; the PRR for random selec-
tion is slightly lower than the sensing algorithm. This is mainly because of the reserved
radio resources indicated by SCI may not be identified through the sensing window in
the sensing algorithm as the aperiodic traffic is randomly generated. The PRR value for
the sensing and the proposed algorithm is the same when the periodic traffic density is
higher than 70% as it is shown in the figure. The main reason is that the resource pool
is split into two parts depending on the traffic density, wherein random selection and
sensing algorithm are run in the different dedicated resource pool. This way, the colli-
sion from the V-UE with periodic on the nearby V-UEs with aperiodic traffic is avoided.
Besides, due to aperiodic traffic sparsity, short sensing at the transmitter V-UEs is not
efficient for aperiodic traffic, and thus the probability of collision among the V-UEs is
almost similar to the sensing algorithm.

Figure 7.3 compares the PRR value versus distance for all algorithms when 70% of the
transmitter V-UEs generate periodic traffic. The PRR value is the same for the sensing
algorithm and proposed algorithm. The reason is that the resource pool split per traffic
density approach helps avoid the collision between the transmitter V-UEs with aperiodic
and periodic traffic. Moreover, due to the sparsity of aperiodic traffic and its low density,
the same PRR is achieved for the sensing and the proposed algorithm. The probability
of collision for all algorithms increases when the receiver V-UEs are farther from the
transmitter V-UEs.

Figure 7.4 compares energy efficiency between the sensing algorithm and the proposed
algorithm for a scenario that 70% of V-UEs generates periodic traffic and 30% of V-UEs
generates aperiodic traffic. The figure shows the energy efficiency increase by almost
20% applying the proposed algorithm. The reason is that the transmitter V-UEs with
aperiodic traffic refrains perform sensing and thus consume less energy than the normal
sensing-based algorithm. Moreover, as shown in Figure 7.3, the PRR is the same for the
sensing and the proposed algorithms, and thus the overall sum-rate is the same for both
algorithms.
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Figure 7.2: Illustration of average packet reception ratio of different algorithms when
for a scenario with distance range of 100m as defined in [99] for different periodic traffic

density.

Figure 7.5 represents average per-user energy consumption for the sensing and the pro-
posed algorithm for a scenario when 70% of the transmitter V-UE generates periodic
traffic and the remaining V-UEs have aperiodic traffic. The results show that energy
consumption reduces by almost 40% applying the proposed algorithm. As explained
before, the transmitter V-UEs with aperiodic traffic refrain perform sensing, resulting
in energy consumption reduction.

7.6 Summary

In this chapter, we first formulated the energy efficiency problem as a ratio of the sum-
rate to power consumption for the power-saving users subject to their reliability and la-
tency requirements. This problem is a mixed-integer programming problem and becomes
intractable when the number of users is high. Therefore, we proposed the heuristic of
traffic density based random resource selection on dedicated pool algorithm (DeTRA).
In the proposed algorithm, the resource pool is split based on the traffic density per
traffic type. The random resource selection is then mandated to be performed on the
dedicated resource pool upon arrival of the aperiodic traffic is triggered. Our simulation
studies shows that the proposed algorithm achieves the same PRR value as the sensing-
based algorithm. Besides, per-user power consumption is reduced, and consequently,
the energy efficiency is improved by applying the proposed algorithm. The next chapter
gives a high-level summary of the dissertation and discusses some open problems and
hints on the other approaches and solutions that can be applied.
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Figure 7.3: Average PRR for different distances when 70% of V-UEs generates peri-
odic traffic and 30% of V-UEs generates aperiodic traffic.
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Conclusion and Future Work
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This chapter endeavors to summarize all the works that have been undertaken in this
thesis. However, it has no meaning to elaborate all tasks explained in the thesis here, but
rather a concept of different ideas and works. Consequently, in the following sections,
some limits and constraints are explained, and the corresponding avenues are suggested
to address the radio resource selection problem in future vehicular communication.

8.1 Summary

The thesis has studied the problem of radio resource allocation for overlay D2D-based V2V
communication in LTE and NR technologies with a particular focus on the applications
with high-reliability and low-latency requirements. In LTE, a part of radio resources is
reserved in a semi-persistent manner to reduce the delay arising from the radio resource
scheduling. However, subframe granularity in the LTE is too coarse to be suitable for
new emerging applications characterizing with very small payload size, e.g., machine
type communication. Therefore, a part of the allocated radio resource may be wasted.
Resource allocation and power control have been the main research topics in V2X com-
munications, where the goal is to optimize spectral efficiency, reliability, latency, and
energy efficiency.

In LTE V2X, two resource selection procedures, partial sensing, and random resource
selection, were introduced to cater for the power-saving users [19]. Random resource
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selection is the procedure where a power-saving UE does not carry out sensing but ran-
domly selects resources for its intended transmission from the configured radio resource
pool. Another power-saving resource selection method specified in the LTE V2X is
partial-sensing. It allows power-saving UEs to perform resource selection based on fewer
sensing measurements than the normal sensing procedure, resulting in energy saving.

In LTE V2X, periodic traffic is considered as a dominant traffic type, and only the
traffic types with specific periodicities are supported. Thus, a power-saving UE only
needs to perform the sensing at specific time intervals in order to be able to select
appropriate radio resources for its own transmission. However, traffic with different
periodicities in NR V2X poses a significant challenge to the resource selection strategy
for the power-saving users. The problem is intensified by the introduction of aperiodic
traffic in conjunction with periodic traffic in NR V2X. Therefore, it is essential to
leverage the existing resource allocation procedures in NR V2X considering both periodic
and aperiodic traffic types for the power-saving users.

In general, considering the open problems stated above, we have strived to find an answer
for three following questions corresponding to LTE and NR based D2D communication
throughout the dissertation:

1. that how can we design an inter-coordinated mechanism to share the unused radio
resources among different users.

2. how then should a candidate beneficiary users be selected to increase the spectral
efficiency.

3. how resources are selected to jointly optimize spectral efficiency and energy con-
sumption for the power-saving UEs in NR V2X communication while considering
the reliability and latency requirements.

To ensure even a general reader is able to follow the thesis content, we included a
comprehensive literature review on which platform, the dissertation contributions were
placed.

The major contributions of this dissertation are three-fold:

1. Sub-granting Radio Resource Scheme:

A sub-granting radio resource scheme was proposed wherein a part of allocated radio
resource, but not utilized, is granted to other users. A necessity of changes in the
physical layer and MAC layer was discussed to realize the sub-granting scheme. In the
physical, a flexible subframe for the sub-granting scheme is devised in which some sig-
naling information is embedded to indicate the free resources in the frequency and time
domains. Then, three algorithms are developed for transmitter and receiver at the sub-
grant provider and the beneficiary user aiming to exploit the un-utilized radio resources
indicated by the sub-granting signaling. The effectiveness of the proposed algorithms
are examined by some numerical and simulation studies. Moreover, the sub-granting
scheme is compared with other related state-of-art, to further justify the achieved pos-
itive performance of the proposed framework to be used in studying beneficiary user
selection problem.

2. Beneficiary User Selection in Sub-granting Radio Resource Scheme:
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Considering a sub-grant provider as an individual agent that can signal the amount
of un-used radio resources to other nearby beneficiary users, it was observed that an
appropriately selected beneficiary user would increase spectrum efficiency. To this aim,
two algorithms, DSGRR, and OSGRR were proposed, wherein the beneficiary users are
selected in centralized and distributed fashions, respectively. For simplicity, a bipartite
graph was applied on both algorithms, in which the sub-grant provider and the bene-
ficiary user construct two vertices of the Bipartite graph, and the edges of the graph
are weighted by the utilization rate of every beneficiary user. Both algorithms aimed
to achieve the maximum matching in the constructed Bipartite graph. In the DSGRR
algorithm, to reduce time complexity due to measurement collection, it was proposed
to compute an eLA area for each sub-grant provider, wherein a beneficiary user with
the highest utilization rate within the eLA is selected. Our observation showed that
the DSGRR outperforms other algorithms in a stationary scenario. However, in the
case of a dynamic scenario, the collected measurements become obsolete faster that re-
sults in degraded performance. To address this problem, it was proposed to select the
beneficiary user in a distributed manner applying the auction theory. To this aim, an
auction is held, wherein the sub-grant providers are auctioneer, and commodities are
the number of free resources promoted by the sub-granting user for sale purpose. Every
beneficiary user computes its valuation using a symmetric strategy function and share it
valuations, i.e., bids, on the corresponding sub-grant providers that are in the commu-
nicating range, with other beneficiary users. This way, all beneficiary users collaborate
to select a beneficiary user with the highest utilization rate for a specified selection
time interval in a cooperative manner. The observations were shown that the OSGRR
algorithm outperforms the DSGRR algorithm in terms of the defined metrics.

3. Density of Traffic-based Resource Allocation (DeTRA) for NR V2V Com-
munication:

The sensing-based resource selection was put forward as a solution for autonomous
resource selection based on the assumption that a V-UE has no limitation on energy
consumption, and thus, energy efficiency was not considered in the resource selection
procedure. We take the energy efficiency aspects into account and propose a heuristic
algorithm by leveraging the sensing-based resource selection procedure. The proposed
algorithm could achieve a close sum rate to the sensing-based resource selection while
less energy is consumed. This way, the problem (7.8), cast earlier in the previous section,
is solved. Our study assumed that the central control unit or a nearby V-UE provides
the transmitter V-UE with the channel busy ratio (CBR) measurement information
per traffic type, i.e., periodic and aperiodic. The per traffic CBR measurement is then
used to split the configured bandwidth, i.e., resource pool. To be more specific, the
size of the resource pool is determined based on the traffic density of periodic and
aperiodic traffic. This way, a part of the resource pool is configured to be used by the
V-UEs generating periodic traffic, and the remaining amount is used for the V-UEs
with aperiodic traffic. In addition, the V-UEs with periodic traffic are mandated to
perform sensing-based resource selection. In contrast, the V-UEs with aperiodic traffic
are instructed to perform random resource selection within the dedicated resource pool.
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8.2 Future Work and Extensions

This section discusses a number of expansions that can be attempted from this work.
We highlight here a few that we consider being completely critical.

As explained before, V2V communication is foreseen as a potential key enabler for dif-
ferent applications. In V2V communication, Multiple Input Multiple Output (MIMO)
technology has recently drawn much attention from the researcher as a viable solution
that can increase the spectral efficiency and mitigate the interference among the users
sharing the radio resources. For example, authors in [102] compared the performance of
a multi-antenna receiver with a single antenna receiver for a live cellular signal, wherein
the receive beamforming technique outperforms the other techniques, e.g., Maximum
Ratio Combining (MRC) in highway and dense urban scenarios. In the sub-granting
scheme, the beam steering aids to assign the same sub-granting resource to the differ-
ent beneficiary users locating in a different direction while maintaining the interference
below a certain threshold. Both DSGRR and OSGRR algorithms can be enhanced,
taking into consideration the trajectory of vehicles, communication cast type, e.g., uni-
cast, group-cast, geographical area, the minimum communication range of intended V2V
communication to avoid the interference arising from selecting undue beneficiary users.

In addition, recently, coordination between two vehicular users, i.e., inter-UE coordi-
nation, is discussing in NR V2X in 3GPP Release 17, and foresee to further enhance
autonomous radio resource allocation in terms of reliability and resource utilization effi-
ciency in NR V2X communication. In the inter-UE coordination, it is possible that gNB
assigns radio resources over time and frequency domain for NR V2X user, wherein
the NR V2X can signal not utilized radio resources to other vehicular users. Similar
to this, the adaptability and enhancement of the sub-granting approach presented in
this thesis with inter-UE coordination feature in NR V2X communication is worth to
be investigated in the future.

New emerging enhanced Mobile Broad Band (eMBB) applications are demanding more
data rate, and the increasing number of connected devices, for example, the users watch-
ing various entertainment videos while sitting inside their cars, will eagerly devour the
bandwidth. Therefore, with increasing requests for new emerging services, evolving
the existing 5G networks, and designing a new architecture for beyond 5G technology,
the so-called 6G, seems vital to satisfy the requirements of the new service. Initia-
tives and overall overview on use cases and open research topics in the 6G are outlined
in [103], [104].

As mentioned earlier, the tremendous growth of applications such as video streaming
and increasing the number of connected devices, for example, vehicular communications,
increase the demand for higher spectral efficiency. The 6G framework can cater to
spectral efficiency to fulfill these requirements. Besides, many previously developed
procedures, e.g., resource allocation procedures, need to be improved considering the
spectral efficiency and QoS requirements of all users. Furthermore, another aspect is
energy efficiency, commonly defined as information bits per unit of energy, which should
also be considered in addition to the spectrum efficiency to preserve energy and protect
the environment in the future 6G networks.

The carrier frequency and the corresponding bandwidths specified in LTE and NR V2X
networks cannot furnish the necessary resources demanding by a tremendous number of
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connected vehicular users with new emerging applications. One candidate technology in
6G could be the (sub-) Terahertz (THz) frequency that caters for a higher data rate to be
used for faster transmission of big data between the users, for example, inside cars and
other nearby users, such as RSU or pedestrian users on a sidewalk or inside other cars at
the junction with eMBB applications, through THz-based sidelink communication [105].
However, the significant path loss is an intrinsic factor in THz frequency, which limits the
communication range. Therefore, some techniques, such as beam steering, are proposed
to reduce the adversary impact of signal attenuation for THz frequency. Besides, the
path loss effect would be further reduced for a scenario where the line of sight signal is
dominant, e.g., in the junction with low-speed vehicles and pedestrians.

Note that a closed-form solution with a conventional mathematical model is hard to be
achieved for new use cases defined in 6G wireless communication. To this purpose, some
techniques like machine learning are seen as a promising tool that could help to find
optimal solutions for various problems. Particularly, one of the research areas that are
worth to be investigated is machine learning-based radio resource allocation techniques
over terahertz frequency in V2X communication in 6G wireless communication.
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