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A NOVEL MODE SELECTION ALGORITHM FOR DEVICE-TO-DEVICE COMMUNICATION SYSTEMS TO ENHANCE THE SYSTEM THROUGHPUT

By
Islam Shaker AL Husban

[bookmark: _GoBack]The recent evolution of mobile systems, such as smartphones and tablets in cellular network systems, increases the demands for new technological trends and services that can support the mobile operators and satisfy mobile user’s expectations even with spectrum limitations. However, due to its potential capability to improve spectral efficiency, power, delay, and network capability without increasing infrastructure cost; mobile stakeholders and researchers have examined the Device-to-Device (D2D) underlayingunderlying communications technology. D2D underlayingunderlying communication, can be defined as two devices communicate directly using the cellular resources without the involvement of the base station (BS). Nevertheless, the decision when the direct communication mode (D2D) is preferred over the other communication modes is still one of the open research problems. In this thesis, dynamic joint mode selection and resource allocation low-complexity algorithms for D2D systems are developed. Our algorithms can directly select the optimal communication mode using uplink and downlink channels by considering the network load and the received information from the BS. The algorithms were evaluated numerically via Matlab-based simulations and the result showed that our novel joint mode selection, channel assignment, and power control in D2D communication underlayingunderlying networks-assisted cellular system maximized the overall system throughput, while guaranteeing high signal-to-noise-plus-interference ratio (SINR) for both cellular and D2D links.
[bookmark: _Toc448854372][bookmark: _Toc450916712][bookmark: _Toc470363910][bookmark: _Toc470363966]
[bookmark: _Toc477209641][bookmark: _Toc489984319]Introduction
The recent evolution of mobile system increases the demands for new technological trends and services that can support the mobile operators and accommodate the massive mobile data trafﬁctraffic in the network despite the spectrum scarcity. In this chapter, a description on the main perspective of this growth and discuss the reasons behind it is briefly introduced.
[bookmark: _Toc448854373][bookmark: _Toc450916713][bookmark: _Toc470363911][bookmark: _Toc470363967][bookmark: _Toc477209642][bookmark: _Toc489984320]Era of The Mobile Internet
In the past five decades, the world has witnessed an evolution in mobile systems, a shift from the traditional mobiles that are used just for calling, texting and content creation to smart terminals (i.e., smartphones, tablets, sensor devices, laptops etc….….), that are used also for web browsing, and handling much more important tasks handling. Consequently, a fast-growing competitive market of reachable low-cost mobile device arises where the retails of smartphones and tablets beat the sales of the PCs, laptops, and notebooks [1]. For example, 20% of the world’s population owned tablet devices in 2014 [2], and more than 1,423.9 million unit of smartphones were sold worldwide in 2015 [3]. 
This recent proliferation of new generation of terminals led to an impressive diverse sets of mobile internet applications such as (i.e., social network, video on demand, Voice over IP address(VOIP), live TVs, gaming, Internet of Things(IoT), etc.). These most popular applications are a live example of how the internet has become an important aspect of the daily life of  ina mobile user’s daily life:
· Facebook (Social Networking Application),) has more than 1.04 billion daily active users; and more than 934 million of them access their accounts from mobiles [4]. 
1

Thus, that mobile devices users are twice more as active on their Facebook account than compared to non-mobile users [5].
· YouTube(YouTube (Mobile Video Application), reports that more than half of YouTube views come from mobile devices [6] where the average of the mobile viewing session is more than 40 minutes.
· Skype (Mobile Communication Application) aVoIP leader already has more registered users than any global carrier [5].
· Whats-App, (Mobile Texting Application), reports that it has over one billion active users globally [7].
[bookmark: _Toc448854374][bookmark: _Toc450916714][bookmark: _Toc470363912][bookmark: _Toc470363968]Each one of these applications has at least more than a billion of active users on their mobiles, which is almost one third of all connected people to Internet daily [6]. Mobile users are likely to accelerate the growth of mobile data usage. Thus, the increased the demand for low-cost Internet bandwidth anytime and anywhere which points to the fact that we are in a new chapter of life called the IoT or more specific “Era of the Mobile Internet”.
[bookmark: _Toc477209643][bookmark: _Toc489984321]Implications for Mobile Stakeholder and Operators
The Mobile system witnessed a new generation of devices and applications with no time, and its evolution places mobile Stakeholder/Operators in deadlock because of the booming in demands for higher transmission data rates, which is challenging because of the spectrum limitation [8-12]. In fact, regardless of many existing Wi-Fi deployments and 4G/3G mobile phone generations; there is an ongoing challenge to fulfill high expectations of mobile user’s regarding faster data rates and shorter delay with better quality-of-service (QoS) for data communications at various times and locations, especially in hotspots and indoor areas where the heterogeneous network (HetNets) is needed [8]. Therefore, there is an emerging need for new technological solutions, trends, and services that can live up to future communication services requirements as well as help mobile operators to accommodate higher data rates while reducing the delay time and the consuming energy at reasonable cost [9] [13] can be more beneficial than using the existing technologies.
	[bookmark: _Toc489985552][image: ]The evolution of HetNets architecture [14].


[bookmark: _Toc470363913][bookmark: _Toc470363969][bookmark: _Toc477209644][bookmark: _Toc489984322]Toward 5G
[bookmark: _Toc470363914][bookmark: _Toc470363970][bookmark: _Toc477209645]Many research efforts have been focusing on the issues mentioned in the earlier sections, to solve them by enhancing the communication capacity, introducing new trends and so on. A recent research shows the potential of 5G in supporting these recent market trends, accommodating the mobile data traffic explosion as well as improving spectral efficiency.5G  5G will be extremely far superior than to traditional 4G and go beyond expectation with 1000 times improvement on system capacity, 25 times improvement on average cell overall throughput, and 10 times higher spectral efficiency. It can provide the cell center users with higher data rates that reach 10 Gbps and up to 5 Gbps for cell edge users. In addition, it can support more connected devices with an end-to-end (E2E) latency that is up to 5 times lower [15].
[bookmark: _Toc489984323]Thesis Structure
In this section, the thesis organization is presented as follow: An overview of the definition, classification, and the potential achievement of the D2D communication technology to cellular networks are introduced in chapter 2. In Chapter 3, the thesis focuses and contribution is explained briefly and a review of the recent related work is presented. Chapter 4 is dedicated to present the details of simulation system model and problem formulation of our proposed algorithm studied in this thesis. In Chapter 5, the performance results of our proposed algorithms using Matlab-based simulations are introduced. Finally, in Chapter 6 the thesis conclusion and the future research isare illustrated.
[bookmark: _Toc470363915][bookmark: _Toc470363971][bookmark: _Toc477209646]
[bookmark: _Toc489984324]Device to Device Communications
The essential knowledge of D2D communications technology in cellular networks is provided in this chapter. Section 2.1, provides the D2D communications definition. The classification scenarios of the D2D communications isscenarios of the D2D communications are introduced in Section 2.2. In Section 2.3, the main performance gains are provided. In Sections 2.4 and 2.5, we discuss the importance of the proposed schema compared to the existing technologies and a sample of use cases and applications. The main challenges of the D2D communication are presented in the Section 2.6. Finally, the focus and motivation behind this thesis is addressed in last section 2.7.
[bookmark: _Toc450916718][bookmark: _Toc470363916][bookmark: _Toc470363972][bookmark: _Toc477209647][bookmark: _Toc489984325]The Deﬁnition of D2D Communications
[bookmark: OLE_LINK91]The concept of D2D technology can be very fruitful in terms of proximity service (ProSe) and applications [8] [16] [17] comparing with current traditional cellular mode. In this recent technology, the devices in proximity can get a chance to communicate with each other directly without going through any core network or any other infrastructure [16], while in the traditional cellular mode the first device should pass on data to a core network or any other infrastructure (i.e., BS) using uplink, and then the core network should send the data back to the target device using downlink [9]. And this not the only benefit as studies show that this concept can grant higher flexibility with variety of options in choosing the proper communication scenario starting by setting the involvement level of the BS in the process as well as the proper type of spectrum (i.e., licensed, unlicensed) [12].The concept of D2D communication against thetraditionalthe traditional cellular mode in Figure 2.
	[bookmark: _Toc489985553][image: Traditional vs D2D ]Traditional cellular mode vs. D2D mode in a cellular system.


[bookmark: _Toc470363917][bookmark: _Toc470363973][bookmark: _Toc477209648][bookmark: _Toc489984326]Classification of D2D Communication Scenario
[bookmark: _Toc477209649]Researchers classify the D2D communication scenario into categories based on various aspects such as network resource control,thecontrol, the type of spectrum resources,theresources, the type of service and so on; in this section, three of them are presented as follow:1: 1) Based on the type of spectrum resources, 2)Based on the offered services type, 3)Based on the network resource control.
[bookmark: _Toc489984327][bookmark: _Toc470363918][bookmark: _Toc470363974][bookmark: _Toc477209650]Based on Spectrum Resources
In this subsection, the D2D communication classification based on the spectrum where the communication occurs in cellular networks into two categories identified as in band (licensed part)and outband (unlicensed part) [9] [20]. Furthermore, this form can be further divided based on the used method to share the spectrum resources into two categories identified as underlay and overlay. This classification is illustrated in Figure3.
	[bookmark: _Toc489985554][image: ]Type of D2D communication based on spectrum [9].


Case 1 : Inband D2D Communication 
In this communication mode, both of D2D users (DUs) and cellular users (CUs) use licensed part of the spectrum for data communication (i.e., LTE, LTE-A, etc.). This form of deployment further divided into two categories identified as underlay and overlay based on the way used to share the spectrum resources. In the underlay scenario, the D2D devices use the same cellular resources at the same frequency /time of another cellular user simultaneously. On the other hand, in the overlay scenario, the D2D devices use a dedicated cellular resource at the same frequency /time of another cellular user but not simultaneously. The motivation behind choosing this kind of communication is high reliability since it occurs in the licensed part of the spectrum. Figure 4 shows the two types of the inband D2D communication. 

	[bookmark: _Toc489985555][image: underlay_overlay]Inband D2D communication scenarios.


Case 2 : Outband D2D Communication
In this communication mode, DUs use the unlicensed spectrum resources (i.e., industrial, scientific, or medical(ISM)) and a second interface (i.e., ZigBee, Bluetooth, wifi-direct, etc.) to communicate while the CUs use their licensed spectrum resources and both cellular and D2D communications can take place simultaneously. This form of deployment further divided into two categories identified as controlled and autonomous based on the BS way used to control for both D2D and cellular spectrum resources. In the controlled scenario, the BS controls both the CU's and the DU's. On the other hand, in the autonomous scenario, the users control all the DUs and the BS controls the CU's.The motivation behind choosing outband is usually to avoid the interference problems that occur between D2D and cellular links in the inband category. Figure 5showsthe two types of the outband D2D communication.
	[bookmark: _Toc469255029][bookmark: _Toc489985556]Outband D2D communication scenario[image: ].


In Table 1, an overview to the main advantages and disadvantages for both inband/outband D2D communications based on spectrum utilization is demonstrated [9 -10] [12] [20].
[bookmark: _Toc489977041]A comparison between D2D communications based on spectrum utilization.
	
	Inband
	Outband

	Benefits
	· QOS guaranteed due to the BS control to cellular spectrum.
· High transmission data rates up to 1 Gbps with distance up to 1km.
· No need of new interface any device can use inband communication.
	· No interference issue since they are using different band and infrastructure.
· DUs and CUs can work both simultaneous.

	Weakness
	· Interference problem since both DUs and CUs are using same band and infrastructure.
· Computational overhead on the BS and complex algorithm for radio resource management (RRM).
	· Two interfaces are required and QoS is not guarantee.
· Not power efficient with Low data rate and transmission distance.



[bookmark: _Toc489984328]Based on The Offered Services Type
In this classification, the type of the service is taken into consideration when the D2D communication scenario occurred [10].
· Emergency Services: In this scenario, the D2D devices can make a connection using both cellular resources and unlicensed resources if needed and this can be very fruitful in terms of safety.
· Commercial Services: In this category, the D2D connections take place in cellular resources only and this makes it easy to control. 
Figure 6 shows the two types of D2D communications scenario based on the provided service as we can see that in the emergency scenario when we lose the licensed resources we can always use a third party (unlicensed) to make a connection. On other hand, the commercial service gives us an example of regular use for the licensed resources.
	[bookmark: _Toc489985557][image: Emergency_commercial ]Types of D2D communications based on the provided service.


[bookmark: _Toc489984329]Based on Network Control
In this category, the D2D networks configuration is built based on the control level of the BS in the communication process [9] [16]:
· Stand-Alone D2D: This model is similar to ad-hoc network where the devices communicate with each other in a distributed manner without the help of cellular system BS. Moreover, in this model, fixed infrastructure such as access points or BS is not a prerequisite the devices rely on local hardware capabilities, hence the use of the term and that’s why it called “stand-alone D2D.” [18-19].
· Network Control D2D: In this model, the cellular system BS has the full control of the D2D connection [18].in this model, fixed infrastructure such as access points or BS is a requirement the devices do not rely on local hardware capabilities and that’s why it called network control D2D [18-19].
· Network Assisted D2D: In here, we can see a balance between the past two categories where the cellular system BS has a partial control of the D2D connection which is the coordination between the cellular users and the DUs operate in self-organized way [16] [18]. To illustrate the impact of network control level, we depict the D2D Communications schemes and compare them based on the level of the BS control and how they make their RRM
Moreover, the advantages and disadvantages of each schema based on network control isare illustrated in Table 2.
[bookmark: _Toc489977042]D2D communications schemes based on network control.
	
	Stand-Alone
	Network-Control
	Network-Assisted

	BS
	No control
	Full control
	Partial control

	RRM
	Based on both node local information
	Based on global information from cellular BS
	Based on both node local information and BS global information they make their RRM decisions separately

	Benefits
	High ﬂexibility
	High performance
	High coordination

	Difficulties
	No coordination between nodes
	Insufficient scalability snicesince everything must pass by the BS
	Computational overhead of the BS


[bookmark: _Toc470363921][bookmark: _Toc470363977][bookmark: _Toc477209652]
[bookmark: _Toc489984330]Performance Gains of D2D Communications
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK172]Additional performance gain such as a higher data rates, with low latency and consume less power can be added by D2D communication technology to what already exists in the traditional way of communication [21-24].First, the hop gain which denotes the ability of using one direct link instead of using two links uplink/downlink via BS, which happens when we set a D2D communication by allowing devices to communicate using direct link without BS. Second, the proximity gains which depends on the location of user and denotes the ability of nearby devices to communicate [22]. The last one is the reuse gain which denotes the DUs ability of reusing the same CUs link[21-24].
[bookmark: _Toc470363922][bookmark: _Toc470363978][bookmark: _Toc477209653][bookmark: _Toc489984331]Advantages of D2D Compared to Other Technology
[bookmark: _Toc450916722][bookmark: _Toc470363924][bookmark: _Toc470363980]At the present time, many devices can communicate with each other either using the licensed band like the traditional way of communication using the BS or else using different short-range communication technologies such as wireless short-range technologies. Moreover, several studies have proposed the integration between the licensed and unlicensed band such as mobile Ad-hoc networks (MANET) and cognitive radio networks (CRN) [25]. In next following subsections, the potential to choose the D2D technologies over these technologies is presented. 
[bookmark: _Toc477209654][bookmark: _Toc489984332]D2D Compared to Short Range Wireless Technology
D2D technology outperforms short-range wireless technologies, as it can offer higher data transmission rates up to 1 Gbps, compared to 250 Mbps [15][20], plus D2D can offer 1Km range, compared to 200m only. In addition, D2D communication is more robust and much more suitable for public safety applications [5]. Moreover, D2D can offer uniform service for users with a guaranteed QoS since it works in licensed part beside the licensed part of the spectrum [5] [10] [15] [20] [34].
[bookmark: _Toc450916723][bookmark: _Toc470363925][bookmark: _Toc470363981][bookmark: _Toc477209655][bookmark: _Toc489984333]D2D Compared to FemtoCell /PicoCell / Relay
[bookmark: _Toc450916724][bookmark: _Toc470363926][bookmark: _Toc470363982][bookmark: _Toc477209656]D2D communication can also outperform FemtoCells, relays, and PicoCells with lower cost and less traffic. Since these technologies need the data to be transmitted from the sender user via a centralized node such as (FBS/Pico/Relay), then this node sends the data back to target device which is the Receiver User, which can increase the traffic on these nodes as well as increasing the cost of installing new infrastructure [15 -16] [34].
[bookmark: _Toc450916721][bookmark: _Toc470363923][bookmark: _Toc470363979][bookmark: _Toc477209659][bookmark: _Toc489984334]D2D Compared to Traditional 4G Cellular Networks
D2D has numerous benefits over traditional 4G cellular, several studies have showed that D2D can be very fruitful from different perspectives [8-9] [12] [15-16][20][22][26-33] such as:
· Higher spectral efﬁciencyefficiency, network capacity up to double due to the replacement of   uplink-downlink transmission in the traditional cellular mode and consumes half of resources (one link) in D2D communication mode, which can boom the availability of resources to use in reuse gain.
· Higher network coverage without increasing the infrastructure cost since users are using the same terminals.
· Higher data-rates, battery savings, and lower delay due to proximity.
· [bookmark: _Toc450916727][bookmark: _Toc470363927][bookmark: _Toc470363983][bookmark: _Toc477209658]Higher reliability, since it can communicate locally between particularly if the LTE network has failed for any reason.
[bookmark: _Toc489984335]D2D Compared to Cognitive Radio Networks (CRN)
Cognitive radio networks (CRN) and D2D communication are similar from architectural perspective. However, the D2D is superior to the CRN since CRNit suffers from athe lack of coordination, and this leads to spectrum sensing which can cause a battery drain and consume lots of power. The same lack of coordination in underlay CRN makes it a very difficult task to manage interference, which can cause unguaranteed QoS [5] [9].
[bookmark: _Toc489984336]D2D Compared to Mobile Ad-Hoc Networks (MANETs)
MANETs and outband D2D technology are also the same from architectural perspective, where both have the ability of direct communication. Moreover, they can be identical in the case of network failure, where the DUs can act autonomously [35]. However, the key difference between them is the full control of the BS especially in the network assisted D2D communications scenario. This gives D2D advantage over MANETs and solves the lack of coordination issues that occur in MANETs and manages the security challenges that may arise [5]. Furthermore, D2D communications technology givetechnology gives us better QoS compared to MANETs technology, as a result of working under licensed spectrum. In addition, D2D works in the licensed and unlicensed spectrum in single-hop manner, while MANETs woks only on the unlicensed spectrum in single and multi-hop manner [35].
[bookmark: _Toc450916248][bookmark: _Toc450916281][bookmark: _Toc450916726][bookmark: _Toc450932719][bookmark: _Toc450932753][bookmark: _Toc450916728][bookmark: _Toc470363928][bookmark: _Toc470363984][bookmark: _Toc477209657][bookmark: _Toc489984337]D2D Compared to Machine to Machine communication (M2M)
[bookmark: _Toc450916731]Both D2D and M2M have a focus on exchanging data between nodes or devices [35]. However, they have several differences: first, the data path direction as in D2D communication the data use a direct way of communicating without going through any infrastructures, while M2M remote devices communication through a centralized node (BS) [9-10], [12], [35]. Second, the work method as in D2D communication the nodes work in a dependent manner to achieve ProSe, while M2M is application-oriented technology and that works in independent manner where the set of terminals exchange data with the BS. Third, the location in D2D communication is very important and  the devices depends on the device location to communicate, while M2M location is not important since they communicate using main server or BS. Finally, the number of connected devices in D2D communication can be between two devices or few numbers in proximity, while in M2M many nodes can connect to main server or BS [9].
[bookmark: _Toc470363929][bookmark: _Toc470363985][bookmark: _Toc477209660][bookmark: _Toc489984338]Applications and Use Cases of D2D Communication
D2D is a simple, powerful approach that offers many advantages over conventional approaches in addition to various use cases, and applications such as local data service (i.e. bit torrent, online gaming, proximity services, streaming services, social networking, community services), local voice traffic, Multiuser cooperative communication (MUCC) and public safety [8][15][20][31]. Figure 7 shows a sample of D2D use cases and applications [15].
	[bookmark: _Toc489985558][image: Emergency_commercial ]A sample of D2D communications concept and applications [15].


[bookmark: _Toc470363930][bookmark: _Toc470363986][bookmark: _Toc477209661][bookmark: _Toc489984339]Challenges and Limitation of D2D Communications
Behind the potential gains of the D2D communications that mentioned before still there are some main technical challenges that need to be emphasized. Yet, the connection setup between DUs and CUs is not optimal as it requires like any other communication technology key functions to work for example:
· [bookmark: OLE_LINK184]Designing new peering and service discovery methods (i.e. defining network role, synchronization, and designing reference signal) [22][14].
· Designing physical layer techniques (i.e. Encoding, Signaling, Data transmission and reception, etc.) [22] [14].
· [bookmark: _Toc470363931][bookmark: _Toc470363987]Solving the RRM algorithms (i.e.modei.e. mode selection, scheduling, resource allocation, power control, and interference management problem)[) [17] [22] [29][] [31] [36-37].
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[bookmark: _Toc477209662][bookmark: _Toc489984340]Thesis Focus, Theoretical Background, and Research Problem
This chapter provides provide brief information about thesis scope and contribution. In section 3.1 the thesis scope and focus with a brief overview on the D2D communications modes definition, advantages, and disadvantages is addressed. Then after that in section 3.2 the literature work in the D2D communications in cellular networks are reviewed. Finally, in section 3.3, in the last section the objective of the thesis is presented.
[bookmark: _Toc489984341][bookmark: _Hlk489121750]Thesis Scope and Focus


Previous chapters present a detailed introduction about the D2D communications importance in increasing the spectrum efficient and by reviewing all the benefits and drawbacks of both the inband and outband D2D communications. In the inband D2D communication the underlay inband D2D communication shows a good potential to be promising topic. Therefore, the scope of this thesis is on underlay inband technical challenges. However, there are many technical challenges, in this thesis our work considered the RRM problem particularly, the mode selection, resource allocation, and power optimization problems since till now there are no direct factors and methods to decide when the direct communication mode is preferable [9] [17]. Therefore, the attention in such problem increased in the last decade .as a concept, it refers to the decision whether communicating devices in proximity should communicate via BS, like the traditional way or using a direct communication link [12] [22].
Many researchers classify this communication methodsthese communication methods into three modes [23] [38]:
1) Cellular Mode: This mode is the traditional mode where the users communicate as conventional CUs through a BS using two orthogonal channels one from both (uplink and downlink) channels that are not currently used by any other devices without interference. Pair number (1) in Figure 8 is to illustrate this concept as it shows the D2D transmitter sends the data to the BS and then the BS send it back to the D2D receiver. However, due to the spectrum limitation and to adhere achieve better performance, this mode should not be used unless the other two modes are not available.
2) Dedicated Mode: In here, the D2D users communicate directly using only one of the cellular users unused channels the uplink channel, or downlink channel. Pair number (2) in Figure 8 illustrates this concept where it shows the D2D transmitter sending data to the D2D receiver directly without sending it to BS which can reduce channel consumption to half if we compare it cellular mode. Though, spectrum utilization is not always rich, sometimes it can be very poor and we cannot find available resource due to different factors such as network load, channel conditions, and the distance between the devices so that the availability of free resource can be a problem.
3) Reuse Mode: In this mode, the spectrum utilization could be maximize by allowing two D2D users to make a direct connection by reusing one of the current cellular user channels (downlink/uplink).Pair number (3) in Figure 8 illustrates this concept where it shows an example of uplink reuse channel as it shows it cause an interference and thus since when using same channel at the same time can cause a serious interference problem needs to be solved with an efﬁcientefficient mechanism.
	[bookmark: _Toc470363933][bookmark: _Toc470363989][bookmark: _Toc477209664][bookmark: _Toc489985559][image: ]D2D communication modes [23]


[bookmark: _Toc470363934][bookmark: _Toc470363990][bookmark: _Toc477209665]However, the decision itself is not the only challenge, there are two other critical challenges arise the first one, how can we select the optimal transmission mode and the second one is when can we select the optimal transmission mode. In fact, many factors should be considered when this decision is made for example the aims and the type of the application can play a key role in this decision to guarantee the QoS, or quality of experience (QoE). Moreover, network load, resources availability, distance between the devices themselves and BS since this give an insight how much the interference situation can be managed [12].
[bookmark: _Toc489984342]Literature Review
From the above, it is intuitive that mode selection is very important in the D2D communications setup since there is still no known general method to determine when to select the optimal communication mode in various contexts [9]. Several studies have examined the mode selection problem such as [9] [11] [17] [20] [23] [25] [28] [38] [40 - 43]the] the literature describes several techniques that study a set of mode selection scenarios such as interference management [38], power efficiency[efficiency [30] [40-42], and resource allocation [23] [29] [36] [40] [43]. For example, Doppler et al. in [38] proposed a heuristic mode selection algorithm based on the quality of the cellular and D2D links withtaking into account the different interference situations when sharing cellular uplink /downlink resources. In case of multi-cell, it also considers the inter-cell interference impact on the sum-rate of the D2D users. They studied two cellular network scenarios: namely, single cell environment, and multi-cell environment. The authors proposed a strategy that assumed a BS with full channel state information (CSI) of all users’ links, and calculate the throughput of the three D2D modes based on path loss model and distance. Then after that, their algorithm selects the mode with highest sum-rate that fulfills the cellular signal to interference plus noise ratios (SINR) constraint. Their study shows that the location of the devices can be very influence and the optimal mode can largely depend on it not only on the links quality or interference situation. In a simulated setting, they achieved 50% more gain on system throughput compared to the traditional cellular communications. Similarly, in [40] Hakola et al. examined the mode selection by proposing comprehensive system equations to indicate the optimal mode for all devices. The proposed algorithm uses abstract information from the network to define the system equations such as the quality of link, the interference and noise levels. They assumed that DUs use the uplink resources only of the cellular network and BS with full CSI. In their study, they compared the performance gain of proposed algorithm with three other modes: cellular mode, forced D2D mode and path loss mode. Their theoretical analysis concludes that the performance gain of D2D communication is largely depends on mode selection algorithm and distance between the devices. However, these methods, did not consider power control or resource allocation for more realistic results many algorithms tried to solve the combined mode selection problem with power optimization, and resource allocation[11] [17] [23] [41]. For instance, in [41]Jung] Jung et al. the authors proposed a two-step algorithm using uplink resource sharing for the D2D communications in a single-cell environment where the BS has the full CSI. In simulation setting, their algorithm achieved up to 100% gain and minimized the overall transmission power compared to forced D2D mode, forced cellular mode, and the algorithm proposed in [40]. One of the drawback of this algorithm is executing using the brute-force algorithm for searching in all mode combinations for all devices and thus, computationally intractable. Moreover, in [23]Yu] Yu et al. proposed another joint algorithmbasedalgorithm based on network loads also in a single-cell environment where the BS has the full CSI. The numerical simulations show that, their algorithm can perform very closely to the optimal solution which is branch and bound method.
[bookmark: _Toc470363935][bookmark: _Toc470363991][bookmark: _Toc477209666][bookmark: _Toc489984343]Thesis Research Problem and Contribution
[bookmark: _Toc470363943][bookmark: _Toc470363999][bookmark: OLE_LINK65][bookmark: OLE_LINK66]The aim behind this thesis is to propose a novel joint mode selection and resource allocation scheme for the ‎network-assisted D2D communication underlayingunderlying cellular network optimization problem, and to provide an insight on the algorithm behavior and its effect on the system performance. The performance of the proposed algorithm is evaluated through simulations using Matlab. To achieve this goal, basically, we extend the work introduced in [23] to examine additional generic and realistic scenarios. We expand the work to the case where, a dynamic decision based on the network load for both uplink and downlink channels since the reuse mode can give us the maximum spectrum utilization [9] [23-25], unlike the work in [23], where they study the case of reusing only uplink channels when the reuse mode is preferred. In our proposed algorithm, a dynamic low-complexity algorithm directly selects the optimal mode of the communication modes from (Cellular mode, dedicated mode, and Reuse mode) for DUs and CUs immediately when connection request arrives based on the received information from the BS about the network load and user’s location. By considering joint mode selection, resource allocation, and power control for uplink and downlink channels our approach ‎aims to improve D2D system performance in terms of the overall throughput,. the proposed algorithms are numerically evaluated via Matlab-based simulations.
[bookmark: _Toc489984344]System Model and Problem Formulation
In this chapter, the simulation system model is presented in section 4.1. In section 4.2 a brief explanation about the communication modes problem formulation is clarified. Then after that the problem formulation for the mode selection, channel assignment, and power control is provided is sections 4.3, 4.4, and 4.5, respectively. Then later on, in section 4.6 and section 4.7 the optimization problem of the joint mode selection, resource allocation, and power control is addressed. Finally, in section 4.8 the proposed algorithm procedure is provided.
1. [bookmark: _Toc477209678][bookmark: _Toc489984345][bookmark: _Toc470363939][bookmark: _Toc470363995]Simulation System Model
In this thesis, the simulation scenario is modeled as a single-cell system with radius R, that ‎consists of potential multi DUs, which denote as K pairs, , and potential CUs, which denote as , where the number of K pairs is less than users. Each one of the CUs will communicate using orthogonal channels one uplink, and one downlink. On the other hand, the DUs will communicate using one of the three communication modes (cellular, dedicated, or reuse) based on the number of the available uplink links (NU), and available downlink links (ND) channels. All this happened in the signal coverage of the BS that has a full instantaneous CSI of all users’ links. 
1. [bookmark: _Toc489984346]Problem Formulation for Communication Modes
The channel capacity formula for D2D user k and cellular user m can be expressed as:
	C = B = Bits/s/Hz
	(4.1)


 Where

	
	(4.2)


 Subject to:
· B: isstands for the bandwidth 
· and   : are stand for the power, and the interference power, respectively.
· is stands for the power of the additive white Gaussian noise (AWGN).
· : issstands for the instantaneous channel gain between the sender and receiver is expressed as:
	
	(4.3)


Subject to:
·  is stands for the path loss constant.
· is stands for the channel fading component between the sender and receiver D2D pair. In this thesis, the channel is modeled using two channels fading the slow rayleigh fading and fast rayleigh fading.
· : is stands for the distance between the transmitter and receiver and is the path loss exponent.
[bookmark: _Toc489984347]Cellular Mode:
As mentioned before, theD2D users communicate like the traditional way through BS using two free orthogonal channels that are not currently used by any other devices one uplink channel (NU) and one downlink channel (ND). No interference happened here since the cellular mode use free orthogonal channels, as.And for QoS reasons both uplink, and downlink  should be larger than a given threshold,. In this work, the focus on the D2D power so as assumption the will be always the minimum. The cellular mode channel capacity denotes a K dimensional indication vector:
	, where 
	(4.4)


Where the cellular   can be expressed as:
	
	(4.5)


Subject to:
·  and are stand for the power between D2D pair number k and the power fromD2Dpair number k to BS, respectively.
·  is stands for the channel gain between D2Dpair number k and BS. 
· isstands for the power of the additive white Gaussian noise (AWGN).
[bookmark: _Toc489984348]Dedicated Mode:
Similar to first mode, from interference perspective where the user in here adds no interference to the system, since all channels are orthogonal to each other. In this mode, one free orthogonal channel either uplink or downlink channel (NU,ND) is needed. The dedicated mode channel capacity denotes a K dimensional indication vector:
	where)
	(4.6)


Where the dedicated can be expressed as:
	
	(4.7)


Subject to:
·  is stands for the power between D2D pair number k.
· is stands for channel gain between D2Dpair number k. 
· sis stands for the power of the additive white Gaussian noise (AWGN).
[bookmark: _Toc489984349]Reuse Mode:
In this mode unlike, the earlier modes from the interference perspective, since two devices one D2D users and one cellular user are using the same channel simultaneously the users in the reuse mode will add an interference to the system. In this mode, one channel (uplink or downlink) only needed from the cellular user channels. However, for QoS reasons since the CUs have the higher priority for both uplink and downlink the DUs are not allowed to reuse the channel if cellular user less than a given threshold. The reuse mode channel capacity of the D2D pair number k which is reusing an active channel that currently being used by cellular user number m denote as K× M dimensional indication matrix:
	, where)
	(4.8)


However, as mentioned earlier since D2D pair number k is reusing an active channel of a cellular user number m. the channel capacity of the cellular user number m will be affected by this interference. The channel capacity of reusing channel is denoted as K × M dimensional indication matrix:
	where)
	(4.9)


In this mode, there are three scenarios as follows: 
1) Reusing Uplink Channel:
In this case, the D2D pair number k is reusing an active uplink channel that is currently being used by cellular user number m and the channel capacity of reusing uplink channel is denoted as K× M dimensional indication matrix:
	, where)
, where)
	(4.10)


The can be expressed as:
	
	(4.11)


Subject to:
·  and   :are stand for the power from D2Dpair number k to cellular user number m, and the power from the cellular user number m to the receiverD2Dpair number k, respectively.
· : is stands for the channel gain between D2Dpair number k. similar, :is the channel gain betweenD2Dpair number k cellular user number m. Also,: is stands for the channel gain between cellular user number m and the BS. And finally,  is the channel gains between theD2Dpair number k, and BS.
· is stands for the power of the additive white Gaussian noise (AWGN).
2) Reusing Downlink Channel:
In this case, the D2D pair number k is reusing an active downlink channel that is currently being used by cellular user number m and the channel capacity of reusing downlink channel is denoted as K× M dimensional indication matrix:
	, where)
, where)
	(4.12)


The can be expressed as:
	
	(4.13)


Subject to:
·  and   : are stand for the power from D2Dpair number k to cellular user number m, and the power from the cellular user number m to the receiver D2D pair number k, respectively.
· is  stands for the channel gain between D2Dpair number k. similar, : is the channel gain betweenD2Dpair number k cellular user number m. Also : issstands for the channel gain between the BS and cellular user number m. 
· And finally, is the channel gains between the D2Dpair number k, and BS.
· is stands for the power of the additive white Gaussian noise (AWGN).
3) No Channel Is Reused
	
where)
	(4.14)


The can be expressed as
	
	(4.15)


Subject to:
·  is stands for the power of cellular user number m.
·  is stands for the channel gain betweenthebetween the BS andcellularand cellular user number m.
· is thestands for power of the additive white Gaussian noise (AWGN).
[bookmark: _Toc489984350][bookmark: _Hlk489285947][bookmark: _Toc477209672]Problem FormulationforFormulation for Mode Selection
 The, which is an  indication matrix describes the DUs choice from the three communication modes:
	 = {}


Where:
·  ,: is stands for the Cellular Mode,andMode, and this happened only if=1, = 0 , and.
· , s isstands for the ‎Dedicated‎ Mode,and this happened only if =1, = 0, , and.
·  , isstands for the Uplink Reuse Mode,andMode, and this happened only if =1, =0,, and .
· , is stands for the Downlink Reuse Mode,andMode, and this happened only if=1, =0,, and .
[bookmark: _Toc489984351]Problem Formulation forChannelfor Channel Assignment
In here, indications vectors are created to indicated the status ofchannelof channel assignmentandassignment and mode selection for each D2D pair number k and the cellular user number m:
· For the cellular and the dedicated mode, a Kdimensional indications vector area K dimensional indications vector is created:, respectively.
· For the uplink reuse mode and downlink reuse mode a K × M indication matrixesarematrixes are created: , , respectively.
[bookmark: _Toc489984352]Problem Formulation for Power Control
Similar to mode selection, the power matrix is denoted as, which is an  indication matrix:
	 = {, , , }


Where 
· : are stand for the power of the DUs when the cellular mode and the dedicated mode are used, respectively. In here they are always equal to which is maximum power of the DUs since both are using orthogonal channels, there is no co-channel interference in both modes, so the maximum throughput could be achieved when both DUs and CUs with their maximum powers. 
· , : are represent the power of the D2D pair number k is reusing an active uplink channel that is currently being used by cellular user number m, and the power of this cellular user number m, respectively. However, in here the problem is little bit different, the cannot have the which is maximum power of the DUs due to the fact of exciting of a co-channel interference. Similarly and for the same reason the  cannot have the which is maximum power of the CUs. So, we need to find the optimal power. In this thesis, to obtain optimal power control vector (), we use the algorithm discussed in [13]:
	
	(4.16)


Subject to
· : cCannot be less than zero and above .
· : cCannot be less than zero and above .
· : tThe power will be equal toonly in the case of no reuse for the CU.
However, for QoS reasons the D2D pair number k is allowed to reuse the channel only if the  larger than a given threshold 
· , : are represent the power of the D2D pair number k is reusing an active downlink channel that is currently being used by cellular user number m, and the power of this cellular user number m, respectively. However, in here the same problem in the uplink reusing is happened, the cannot have the and cannot have the  due to the fact of exciting of a co-channel interference. So, we need to find the optimal power. In here the algorithm used before with the reusing the uplink channel cannot being used without modification since in paper [13] they propose it for the uplink channels only, in this thesis one of the contribution is modified the algorithm mentioned in [13] to consider also finding the optimal power for the downlink channel: 
	
	(4.17)


Subject to
· : cCannot be less than zero and above .
· : cCannot be less than zero and above .
· : the power will be equal toonly in the case of no reuse for the CU.
·  :  is stands for the power of the cellular user number m and there are two cases to define the right value: 
· The cellular user number m Not reused by any D2D pair number k then the power will equal to 
· The cellular user number m is being reused by any D2D pair number k then the power will equal one of or   depending on the reusing case if it uplink or downlink. Moreover, Equation (4.15) will be used to calculate the value of (. Similar, Equation (4.16) will be used to calculate the value of ( ) 
[bookmark: _Toc489984353]Problem Formulation for The Optimization Joint Mode Selection, Resource Allocation, And Power Control
To find the optimal power for D2D pair number k and he problem formulation for the joint mode selection, resource allocation, and power control can be represented as follows [23]:
	(4.17)



[bookmark: _Toc470363940][bookmark: _Toc470363996]Subject to:
	· 
	
	(4.17. a)


This equation describes the D2D users in the cellular mode, where: 
· : is stands for the cellular mode when it equal to 1 that meanmeans it has been selected by the D2D pair number k.
· : is stands for the channel capacity when the D2D pair number k is in the cellular mode.
	· 
	
	(4.17. b)


This equation describes tthe D2D users in the cellular mode, where: 
· : is stands for the dedicated mode when it equal to 1 that meanmeans it has been selected by the D2D pair number k.
· : is stands for the channel capacity when the D2D pair number k is in the dedicated mode.
	· 
	
	(4.17.c)


This equation describes the D2D users in the uplink reuse mode, where: 
· : is stands for the uplink reuse mode when it equal to 1 that mean the D2D pair number k is reusing the uplink of cellular user number m.
· : is stands for the channel capacity uplink reuse mode when the D2D pair number k is reusing the uplink of cellular user number m.
· : is stands for the channel capacity of cellular user number m when interfered byD2D pair number k.
	· 
	
	(4.17.d)


This equation describes the D2D users in the uplink reuse mode, where: 
· : is stands for the downlink reuse mode when it equal to 1 that mean the D2D pair number k is reusing the downlink of cellular user number m.
· : is stands for the channel capacity downlink reuse mode when the D2D pair number k is reusing the downlink of cellular user number m.
· :  is stands for the channel capacity of cellular user number m when interfered by D2D pair number k.
[bookmark: _Toc489984354][bookmark: _Toc477209674]The Optimization Joint Mode Selection, Resource Allocation, and Power Control Based on The Network Load
As mentioned in the earlier chapter each one of the three communication mode needs resources/channels to communicate. Thus, selecting the optimal mode largely depends on the number of free resources (). However, the number of free resources cannot be an accurate measurement to network status and we cannot depend on it to set the optimal mode since the network status can be affected by the number of active device to device users, thus the communication scenario can be categorized as follow [23]:
Case 1 : Light Load ()
Where The number of the available links () is more than or equal the number of active device to device users, which means that there is at least one empty resource for each D2D pair and thus, makes the cellular and the dedicated mode are the optimal modes in this case.
Case 2 : Medium Load ()
In here the number of the available links () is less than the number of active device to device users, which means the empty resource is not enough for all the D2D pair and thus makes the dedicated mode and the reuse are the optimal modes in this case.
Case 3 : Heavy Load()
This case is a little bit difficult since no empty resource is available for any D2D pairs which means the only way to communicate is to use the reuse mode.
[bookmark: _Toc489984355]Proposed Schemes and Algorithms
To maximize the overall system throughput while guarantee the SINR for both cellular users, and D2D pairs links, we need to solve the optimization problem in (4.17) and find the optimal solution, we will consider the base problem considered in [23]. We proposed a low-complexity, dynamic algorithm that reuse the uplink and downlink channels of a cellular user unlike the approach discussed in [23], which reused only the uplink. 
Our algorithm will directly select the optimal communication mode bearing in mind the availability from both uplink and downlink channels comparing with number of D2D k pairs. It will then find the optimal power to reach optimal solution and maximize achievable throughput. In Figure 9 a pseudo code for the main selection process is declared. Our Optimal Algorithm will dynamically select one of these three cases:
	[bookmark: _Toc489985560][image: ]Snapshot from the algorithm code.


Case 1 :  There are no orthogonal empty resources in the network. In this case the reuse mode will be directly selected. However, in our algorithm the reuse mode will have two reusing cases: reusing the uplink channel and reusing the downlink channels. First our optimal algorithmwill calculate the channel capacity for all K pairs in both cases.
For all K pairs
T3_UL(k,m) = Channel capacity for reusing uplink channel(k,m)
T3_DL (k,m) = Channel capacity for reusing downlink channel(k,m)
Then after that, the proposed algorithm for the reuse mode will take the maximum value for each   D2D pair number k and cellular user number m and set the proper mode based on the available information.
If highest value form T3_UL then,the uplink reuse mode will be selected.
If highest value form T3_DL then,the downlink reuse mode will be selected.
Case 2 : There are orthogonal empty resources in the network. In this case we will go to the dedicated mode or reuse mode and thus due to the fact that there are resources but not for all DUs. Simply our algorithm willdistribute the all the resources on the K pairs and for the ones who couldn’t have the chance to have one of the empty orthogonal resources the reuse mode in both cases will be selected. The question is how ?Our algorithm will assume that there is no empty resources and do the same procedure in  (Case 1), then after that the algorithm will take the result of (Case 1)for the all ( K - (NU + ND))  and for the rest of K pairs the dedicated mode will be selected.
Case 3 : There are orthogonal empty resources in the network  for all K pairs.In this case we will go to the dedicated mode or cellular mode. First our optimal algorithm will calculate the channel capacity for all K pairs in both cases, then after that based on the result the algorithm will set the proper mode by taking into consideration the number of K pairs and  the number of  the available links without forget that the cellular mode needs two emptyresources.
For comparison reasons and to provide an insight on the algorithm behavior and its effect on the system performance also we examine the behavior of the proposed heuristic algorithms in [23]:
· Algorithm 1: This algorithm proposed to solve the light load scenario, ‎where we can find enough orthogonal empty resources for all D2D pairs. That is ‎make cellular and dedicated modes are the only applicable choice.
· Algorithm 2: In here, this algorithm proposed to solve the medium load ‎scenario,wherescenario, where we can find orthogonal empty resources but not enough for all ‎D2D pairs. That is make the ‎dedicated mode and reuse mode are applicable options. ‎However in [23] the DUs can only reused the uplink channel only.
· Algorithm 3: This algorithm is the conventional cellular mode and it has been used for declaring the difference between using the traditional way of communication all time and using D2D technology when applicable.
[bookmark: _Toc470363945][bookmark: _Toc470364001][bookmark: _Toc477209681]
[bookmark: _Toc489984356]Simulation environment, Results, and Analysis
[bookmark: _Toc470363938][bookmark: _Toc470363994]In this chapter, the simulation environment is set and the main parameters are introduced. In section 5.1 the user’s distribution inside the network cell is introduced. Then after that in section 5.2 simulation tools is discussed. Later on, the simulation procedure and the main parameters that used to run the simulation isare presented in sections 5.3 and 5.4, respectively. Finally, in section 5.5 the impact of changing the transmit power, distance between the D2D users, number of K pairs and number of simulation iteration is discussed.
[bookmark: _Toc477209679][bookmark: _Toc489984357]Users Distribution in Simulation Network
Cellular CUs are randomly scattered with uniform distribution in the cell. The Tk and Rk denote to the transmitter and the receiver of D2D pair k, respectively. The Tk are randomly spread with uniform distribution in the cell. The cell network is represented with radius R and r representtherepresent the maximum distance between the Tk and Rk. In Figure 10, we consider a single cellular user and Tx has full information to send to a single Rx.
	[bookmark: _Toc489985561][image: ]System model for the various distances in the two user topologies
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In Figure 11, a snapshot of the cellular system and the generated CUs and DUs is shown. Cells with one cellular user and one D2D pairs in each cell. Red dots represent CUs, blue dots represent D2D transmitters, while green dots are D2D receivers.
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To prove the efficiency of our algorithm, the performance is evaluated compared to conventional cellular network and the proposed algorithm in [23] via numerical simulations. These simulations were conducted using simple network simulator tool developed in Matlab/Simulink software package environment were scripts and functions are added to integrate the D2D communication functions into the MATLAB environment.
[bookmark: _Toc477209677][bookmark: _Toc489984359]Simulation Procedure:
Due to many random components in the system model, Monte Carlo simulation is performed to obtain statistically reliable results. In each Monte Carlo iteration, cell is created, and then CUs and DUs are randomly placed within the cell. Path gains for all links are then calculated, and power control and resource allocation are executed. After the last Monte Carlo iteration is executed, parameters of interest (e.g. SINR, consumed power, throughput) can be evaluated.
[bookmark: _Toc489984360]Simulation Parameters:
In this thesis, all the links assumed to experience independent block fading. Some simulation parameters, e.g. the number of DUs/CUs and the number of available links, are set divergently according to the intended simulation scenario. However, some parameters are always kept at the same values. Our Simulation parameters are inspired from [13] [23]. Table 6 summarized all the parameters. 
[bookmark: _Toc489977043]Simulation parameter
	Parameter
	Value

	Cell Radius, R
	500 m

	D2D Distance, r
	20….100 m

	Uplink Bandwidth
	3 MHz

	Noise Spectral Density
	-174 dBm /Hz

	Shadowing Standard Deviation
	10 dB

	SINR Threshold, ()
	10 dB

	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]MaximumNumberMaximum Number of Uplink Channels
	20

	MaximumNumberMaximum Number of Downlink Channels
	20

	Cellular

	Number of Cellular Users, M
	10-20

	Maximum Tx power of CU, 
	18-27 dBm

	Path Loss Model
	128.1+37.6 log (d[km])

	SINR Minimum Threshold, (
	Uniformly Distributed in [0, 25] dB

	D2D

	Number of D2D Pairs, K
	1-15

	Maximum Tx Power of DU, 
	18-27 dBm

	Path Loss Model
	148+40 log (d[km])

	SINR Minimum Threshold,(
	Uniformly Distributed in [0, 25] dB


[bookmark: _Toc489984361][bookmark: _Toc470363946][bookmark: _Toc470364002][bookmark: _Toc477209682]Result and Analysis
[bookmark: _Toc470363947][bookmark: _Toc470364003][bookmark: _Toc477209683][bookmark: _Toc489984362]Impact of Maximum Transmit Power on Overall System Throughput
This section studies the impact of changing the transmit power on the overall system throughput. The goal of this scenario is to illustrate the impact of increasing the maximum powers (  on the overall performance for the uplink and downlink D2D underlay with different channel fading. The x-axes represent, where the maximum powers of both DUs and CUs is increased from 18 dBm to 27 dBm. Similarly, y-axis represents the total system throughput [bits/sec/Hz]. 
In Figure 12the Slow Rayleigh Fading (SRF), and Fast Rayleigh Fading (FRF) are shown a, and b, respectively. As the figures show, the performance of (Algorithm 3) in both figures is the worst, which is intuitive since it indicates only the cellular mode in which the users use the maximum power and consumes a lot of power to communicate with BS. Moreover, for (Algorithm 1) in both figures it shows a better performance than the (Algorithm 3) which is obvious since the dedicated mode is used here plus the cellular which is the one that already used in (Algorithm 3). Also, (Algorithm 2) shows a superior performance in all the earlier algorithms and thus due to the fact of using the reusing mode. However, our proposed algorithm (Optimal Algorithm) superior all the algorithm since it selects the proper mode directly and reuse the not only the uplink channels also the downlink as well. 
	[bookmark: _Toc489976906][bookmark: _Toc489985563](a)

	[bookmark: _Toc489976907][bookmark: _Toc489985564](b)

[bookmark: _Toc489985565]Overall system throughput for different algorithms using different maximum power (where NU = ND = 2, r=20 m, K = 8, M = 18,18-24 dBm)(a)Overall system throughput using different maximum power in slow rayleigh fading(SRF) (b)Overall system throughput using different maximum power in fast rayleigh fading (FSF)


Moreover, our (Optimal Algorithm) outperform the other algorithm even with low transition power. Figure 13give us a close look on our (Optimal Algorithm)comparing with (Algorithm 2), in both channel fading (SRF,FRF).
	[bookmark: _Toc489985566] Overall system throughput for proposed Optimal algorithm and Algorithm 2 from [23] using different maximum power in both fast and slow Rayleigh fading(where NU = ND = 2, r=20 m, K = 8, M = 18,18-24 dBm)


As well, Figure 14 gives us a general look on all the algorithms outperform with different channel fading. As a summary, from the simulation results, it shows that our proposed scheme (Optimal Algorithm) in all figures scenarios has the best performance.
	[bookmark: _Toc489985567] Overall system throughput for proposed Optimal algorithm compared with algorithms from [23] using different maximum power in both fast and slow Rayleigh fading(where NU = ND = 2, r=20 m, K = 8, M = 18,18-24 dBm)


[bookmark: _Toc489984363]Impact of Maximum D2D Distance on Overall System Throughput
This section studies the impact of changing the distance between the DUs. The aim of this scenario is to show the effect of the maximum distance between the D2D pairs on the overall performance of the uplink and downlink. The x-axes represent r (m), which is the mean distance between the D2D pair where the distance increasedistance increases from 20 -100 meters. Similarly, y-axis represents the total system throughput in [bits/sec/Hz].
In Figure 15 the SRF, FRF are shown a, and b, respectively. As the figures, shows our (Optimal Algorithm) and (Algorithm 2) from [23] have the best performance which is intuitive, since the D2D K pairs more than the available orthogonal links, the cellular mode by itself like in (Algorithm 3)will not solve the problem and also the combination of the cellular mode and dedicated mode like in (Algorithm 1) will not makes us reach the optimal solution. However, only the reuse mode will help us in this case and since our (Optimal Algorithm) and (Algorithm 2) from [23] they are only one who have this mode they outperform the others.
	(a)

	(b)
[bookmark: _Toc489985568]Overall system throughput for different algorithms using different maximum D2D distance (where NU = ND = 2, r=20-100 m, K = 8, M = 18,24 dBm) (a) Overall system throughput using different maximum D2D distance in slow rayleigh fading (SRF) (b) Overall system throughput using different maximum D2D distance in fast rayleigh fading (FSF)


As Figure 16 our algorithm (Optimal Algorithm) superior all algorithm even with the distance increasing between the D2D transmitter which can cause more pathloss but even with that our proposed algorithm showed that it can dynamically change the mode and take the advantage form all of the exist modes cellular, dedicated, and reuse in it both cases (uplink reuse /downlink reuse) unlike (Algorithm 2) from [23].
	[bookmark: _Toc489985569][bookmark: _Hlk489904256]Overall system throughput for proposed Optimal algorithm and Algorithm 2 from [23] using different D2D distance in both fast and slow Rayleigh fading(where NU = ND = 2, r=20-100 m, K = 8, M = 18,24 dBm)


Similarly, Figure 17 shows that (Optimal Algorithm) outperforms other algorithms under the two types of considered fading channels. As a summary, the distance between the D2D users can play a significant role in selecting the proper mode not only the number of available links as it can be seen from the results, when the distance between the D2D transmitter and the D2D receiver is very big the possibility for losing the connection is increased due to the interference factor for example. Also, the location of the CUs can play an important role and give us the chance to take advantage of reuse downlink channel not only the uplink one so that reusing the downlink channel can be fruitful in some cases.


	[bookmark: _Toc489985570] Overall system throughput for proposed Optimal algorithm compared with algorithms from [23] using different D2D distance in both fast and slow Rayleigh fading(where NU = ND = 2, r=20 -100m, K = 8, M = 18,24 dBm)


[bookmark: _Toc470363948][bookmark: _Toc470364004][bookmark: _Toc477209684][bookmark: _Toc489984364]Impact of the D2D Pairs Number on Overall System Throughput
This section studies the impact of changing the number of D2D pairs comparing to exist resources on the overall system performance. The aim of this scenario is to show the effect of the network load on the overall system throughput. The x-axes represent K, which is the number of D2D pairs while y-axis represents the total system throughput. 
The performance under Slow Rayleigh fading and Rayleigh Fast fading is depicted in Figure18.a and Figure18.b, respectively. In this scenario by comparing the number of the available channels (network load) and K pairs, the result is divided into:
Case 1 : Light Network Load, as in previous sections show in this model the dedicated and cellular modes are preferable since the number of the available links is more than the K pairs. In our scenario, the light mode is activated for K pairs from 1 to 5 pairs, where the total number of empty resources is 10. In here as the figures show that (Algorithm 3) performance keeps increasing until K=5, then it exhibits a fixed performance after that it faces a stable performance and this occurs as a result of having two empty resources required for each of K pairs and in our scenario, there is only 10.While (Algorithm 2)and our proposed algorithm (Optimal Algorithm) have the best performance, which is intuitive since the dedicated mode exploits the spectrum resource better than the cellular mode only since it uses only one resource for each K pair (Algorithm 3). One can see this clearly in the figures.
Case 2 : Medium Network Load, in this case, both the dedicated and the reuse are preferable since, the number of empty channels is less than the D2D pairs. In our scenario, the medium mode is activated for K from 5 to 10 pairs, where the total number of empty resources is 10. In here as the figures show that (Algorithm 3) as mentioned it will face a stable performance and this is stand for a reason which two empty resource is required for each of K pairs and in our scenario, there is only 10. While (Algorithm 1), (Algorithm 2) and our proposed algorithm (Optimal Algorithm)have the best performance. Which is intuitive since, these algorithms have in common the dedicated mode where the users will use only one resource and since there is 10 available resource, each one of them will take one.
Case 3 : Heavy Network Load, wherein this case, the reuse is preferable since, there are no empty resources in this case. In our scenario, the heavy mode is activated for K from11 to 15 pairs, where the total number of empty resources is 10. In here as the figures show that (Optimal Algorithm) has the best performance since we are reusing not only the uplink channel but also the downlink channel as well.
	[bookmark: _Toc489976914][bookmark: _Toc489985571](a)

	[bookmark: _Toc489976915][bookmark: _Toc489985572](b)
[bookmark: _Toc489985573]Overall system throughput for different algorithms using different number of K pairs (where NU = ND = 5, r=20m, K = 1-15 pair, M = 15,24 dBm) (a) Overall system throughput using different number  of K pairs in slow rayleigh fading (SRF) (b) Overall system throughput using different number of K pairs in fast rayleigh fading (FSF)


Moreover, Figure 19 gives us a close look on the (Optimal Algorithm) outperforms (Algorithm 2). As well, Figure 20 gives us a general look at all the algorithms outperform with different channel fading.
	[bookmark: _Toc489985574] Overall system throughput for proposed Optimal algorithm and Algorithm 2 from [23] usingdifferentusing different number of K D2D in both fast and slow Rayleigh fading(where NU = ND = 5, r=20m, K = 1-15, M = 15,24 dBm)

	[bookmark: _Toc489985575] Overall system throughput for proposed Optimal algorithm and proposed algorithms from [23] using different number of K D2D in both fast and slow Rayleigh fading(where NU = ND = 5, r=20m, K = 1-15, M = 15,24 dBm)


[bookmark: _Toc477209685][bookmark: _Toc489984365]Number of iterations
In this section, a set of experiments using different maximum powers for both DUs and CUs is presented. The aim of this is to observe the simulation as it happens over different number of simulation, and collect performance measures to provide an accurate understanding and draw conclusions on the overall performance of the network. where the number of available links   =  = 2, the maximum distance between the D2D pairs is fixed to 20meters, the number of DUs pairs K = 8, and the number of CUs M = 18. The x-axes represent, which is the average power for the CUs and DUs. Similarly, y-axis represents the total system throughput. 
This simulation is illustrated in Figure 21. As it shows, our algorithm gives different result upon different iteration since each iteration create a new scenario with new user’s location with respect to the scenario fixed parameters and thus effect many things such as channel conditions, the interference situation and power. However, as mentioned before, mode selection as mentioned effect by many factors.
	[bookmark: _Toc489985576] Overall system throughput for different algorithms using different maximum power (where NU = ND = 2, r=20 m, K = 8, M = 18,18-24 dBm)
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[bookmark: _Toc489984366]Conclusion and Future Work
In this thesis, a new novel method of joint mode selection and resource allocation to set up optimal mode for network assisted D2D communications underlayingunderlying cellular networks using uplink and downlink resources is introduced. Our scheme maximized the spectrum utilization efficiency and the system throughput while at the same time minimizing the impact of interference and guaranteeing the target SINR of both cellular and D2D links. The objective of this thesis is providing an insight on the algorithms behavior and their effect on the system performance. To achieve this purpose, we design a dynamic algorithm considers the network load, the algorithm directly should decide about the optimal mode selection (Cellular mode, Dedicated mode, and Reuse mode) for DUs and CUs and the best resource to be shared immediately when connection request arrives based on the received information from the BS. Then, the algorithm combines the mode selection and channel assignment. The algorithm’s practicality and performance enhancement were exhibited through numerical evaluations via Matlab-based simulations.
As a result, a significant improvement to overall system throughput was achieved by using this smart mode selection and considering reusing the uplink and downlink channels. Moreover, one of the main outcome of this thesis is the low complexity code implementation which can play a real role in increasing the performance of algorithm. However, studying a single-cell scenario can be unrealistic scenario from real-world perspective. Thus, studying multi-cell scenario with more than one D2D pair can reuse the CUs users can be more realistic and promising future research direction. Though, these additions can make the optimization problem be more difficult and complex. 
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خوارزمية مبتكرة تسمح لجهازين خلويين لإختيار طريقة الأتصال المباشر بينهما بحيث تزيد كمية المعلومات الممكن تداولها في النظام الخلوي ككل

إعداد: إسلام شاكر الحسبان

الملخص

 إن التطور الأخير في أنظمة الاتصالات واختراع الهواتف والألواح الذكية التي يمكن إستخدامها للوصول للأنترنت في أنظمة الشبكات الخلوية زاد الطلب على البحث عن تكنولوجيا وخدمات جديدة ممكن أن تساعد مشغلي شبكات الهاتف النقال لتلبية توقعات مستخدمي هذه الأجهزة الذكية من وجود سرعة أنترنت أعلى مع أدنى معدل تأخير للوصول لهذه البيانات، من دون الزيادة في إستهلاك الطاقة في أقل تكلفة ممكنة. لإستيعاب هذا الطلب الضخم للولوج إلى شبكة الإنترنت حتى مع محدودية القدرة الإستيعابية للشبكة. قام الباحثون في دراسة تكنولوجيا جديدة تسمح بإتصال جهازين مباشرة بدون الحاجة للرجوع للقاعدة الرئيسية. ولكن يبقى السؤال الأكثر أهمية ماهية الطريقة المستخدمة لإتخاذ قرار الأتصال المباشر. هذا السؤال لا يزال من المشاكل البحثية المفتوحة فحتى الأن لم يتم العثور على عامل أو سبب مباشر ممكن أن يساعد في تحديد طريقة الأتصال. في هذا البحث تم تقديم خوارزمية مبتكرة تسمح لجهازين خلويين لإختيار طريقة الاتصال المباشر بينهما بحيث تزيد من كمية المعلومات الممكن تداولها في النظام الخلوي ككل. ولكي يتحقق أقصى قدر من الإنتاجية الإجمالية للنظام الخلوي تم تطوير خوارزمية في هذه الرسالة تستخدم طريقة مرنة لتحديد الطريقة الأمثل للتواصل بين الجهازين بناءاً على المعلومات الواردة من القاعدة الرئيسية عن حالة الشبكة.  وهذه الخوارزمية تم تقييمها عدديا عن طريق تطوير برنامج محاكاة بإستخدام برنامج MATLAB.
SRF Optimal-Algorithm 	4.6834115330507275	5.2300475904613313	5.7826188474688225	6.3797720312757074	6.8422636572521185	7.0859539870908117	7.5925802924506209	7.9116296368906589	8.1548969159940654	8.627869678031395	SRF Algorithm 1 	18	19	20	21	22	23	24	25	26	27	1.5424874758992604	2.3751748064052083	2.8916454089271353	3.334724655986725	3.7366731619949243	4.0892003807483794	4.4973554239011744	4.9006352538607727	5.2172762142760254	5.6994113110946261	SRF Algorithm 2 	18	19	20	21	22	23	24	25	26	27	4.3702667617924371	4.8921537452841228	5.3769608839341743	5.803017082024283	6.2344440636773175	6.7406324359796885	7.0860296757815782	7.3960668447646913	7.7911271647661247	8.268576521868372	SRF Algorithm 3 	18	19	20	21	22	23	24	25	26	27	7.7514696612655046E-2	8.6065321881201709E-2	0.20762939376829079	0.42033262909290231	0.50196299852228699	0.76792128537673865	0.95211858840563257	1.1237234762400139	1.4282430248893689	1.7286175454662884	Pmax(dBm)

System Throughput (Bits/S/Hz)



FRF Optimal Algorithm 	6.3693715013595114	6.7981561352551676	7.2102864222556926	7.8366451030830389	8.1434352669261862	8.7579508277199967	9.1042781762158462	9.4071138745817535	9.5909126427038505	9.9662233222058969	FRF Algorithm 1	2.6119680582046358	3.2998579827776111	3.8286229177109088	4.2417537088894735	4.6182874989667893	4.9230184042615788	5.3167541985701785	5.6457728178123965	5.9616210704258084	6.4275635099153341	FRF Algorithm 2	5.508102677282368	5.8935253284362563	6.3459501682668531	6.9258956090707136	7.3591169223170274	7.8086276196373561	8.2651463311886744	8.5115442180846088	8.7085180521969434	9.1101849752869075	FRF Algorithm 3	18	19	20	21	22	23	24	25	26	27	0.28397740827345175	0.41887902863050497	0.77180176576000359	1.0030162558830844	1.2245000782438085	1.4067473804374966	1.7558786706837926	2.0431750967981976	2.4746949269325138	2.7727260470727351	Pmax(dBm)

System Throughput (Bits/S/Hz)



SRF Optimal Algorithm 	4.6834115330507275	5.2300475904613313	5.7826188474688225	6.3797720312757074	6.8422636572521185	7.0859539870908117	7.5925802924506209	7.9116296368906589	8.1548969159940654	8.627869678031395	SRF Algorithm 2 	18	19	20	21	22	23	24	25	26	27	4.3702667617924371	4.8921537452841228	5.3769608839341743	5.803017082024283	6.2344440636773175	6.7406324359796885	7.0860296757815782	7.3960668447646913	7.7911271647661247	8.268576521868372	FRF Optimal Algorithm 	6.3693715013595114	6.7981561352551676	7.2102864222556926	7.8366451030830389	8.1434352669261862	8.7579508277199967	9.1042781762158462	9.4071138745817535	9.5909126427038505	9.9662233222058969	FRF Algorithm 2	5.508102677282368	5.8935253284362563	6.3459501682668531	6.9258956090707136	7.3591169223170274	7.8086276196373561	8.2651463311886744	8.5115442180846088	8.7085180521969434	9.1101849752869075	Pmax(dBm)

System Throughput (Bits/S/Hz)



SRF Optimal Algorithm 	4.6834115330507275	5.2300475904613313	5.7826188474688225	6.3797720312757074	6.8422636572521185	7.0859539870908117	7.5925802924506209	7.9116296368906589	8.1548969159940654	8.627869678031395	FRF Optimal Algorithm 	6.3693715013595114	6.7981561352551676	7.2102864222556926	7.8366451030830389	8.1434352669261862	8.7579508277199967	9.1042781762158462	9.4071138745817535	9.5909126427038505	9.9662233222058969	SRF Algorithm 1 	18	19	20	21	22	23	24	25	26	27	1.5424874758992604	2.3751748064052083	2.8916454089271353	3.334724655986725	3.7366731619949243	4.0892003807483794	4.4973554239011744	4.9006352538607727	5.2172762142760254	5.6994113110946261	FRF Algorithm 1	2.6119680582046358	3.2998579827776111	3.8286229177109088	4.2417537088894735	4.6182874989667893	4.9230184042615788	5.3167541985701785	5.6457728178123965	5.9616210704258084	6.4275635099153341	SRF Algorithm 2 	18	19	20	21	22	23	24	25	26	27	4.3702667617924371	4.8921537452841228	5.3769608839341743	5.803017082024283	6.2344440636773175	6.7406324359796885	7.0860296757815782	7.3960668447646913	7.7911271647661247	8.268576521868372	FRF Algorithm 2	5.508102677282368	5.8935253284362563	6.3459501682668531	6.9258956090707136	7.3591169223170274	7.8086276196373561	8.2651463311886744	8.5115442180846088	8.7085180521969434	9.1101849752869075	SRF Algorithm 3 	18	19	20	21	22	23	24	25	26	27	7.7514696612655032E-2	8.6065321881201667E-2	0.20762939376829079	0.42033262909290231	0.50196299852228699	0.76792128537673865	0.95211858840563257	1.1237234762400139	1.4282430248893689	1.7286175454662882	FRF Algorithm 3	18	19	20	21	22	23	24	25	26	27	0.28397740827345175	0.41887902863050497	0.77180176576000359	1.0030162558830844	1.2245000782438085	1.4067473804374966	1.7558786706837926	2.0431750967981976	2.4746949269325138	2.7727260470727351	Pmax(dBm)

System Throughput (Bits/S/Hz)



SRF Optimal Algorithm	20	30	40	50	60	70	80	90	100	9.3223053285222672	9.0525730461755494	8.7760701926017486	8.6544095894798225	8.5024369460424047	8.4152032458518349	8.2122661620611233	8.1662526018677948	8.1137931189173784	SRF Algorithm 1	20	30	40	50	60	70	80	90	100	3.2734903582261605	3.1064000263983829	2.9972049123034648	2.9086697410811011	2.8304475981568937	2.7739276932305996	2.7249248705285809	2.6770666234356506	2.6208429693250461	SRF Algorithm 2	20	30	40	50	60	70	80	90	100	8.7744010303514237	8.3848305652300503	8.2083683639189413	8.038367185020844	7.9419558502183785	7.8378602529365109	7.6830640453923165	7.6856582016139896	7.5959790556400115	SRF Algorithm  3	20	30	40	50	60	70	80	90	100	0.15472452431030759	0.13490016284875184	0.11275401127686789	0.11839495914090656	9.2670739767364563E-2	9.6279305049253527E-2	0.11455133993199748	0.10722140737164439	0.14078860147564173	FRF Optimal Algorithm	9.9022502939449595	9.6202167956027065	9.43963551604838	9.2116941297319599	9.0526136354973925	9.0249052369680136	8.8127992933974078	8.728049720071148	8.6804319259612566	FRF Algorithm 1	3.8774752780975992	3.7097025613476218	3.5884299871377325	3.497778761905717	3.4302448372739822	3.3777594629229832	3.3094403277639022	3.2583851428776107	3.2213938118181047	FRF Algorithm 2	9.399592636784794	9.0457230377573907	8.8805472343874268	8.676635419083242	8.5263884933450083	8.4475330160416071	8.3245272331387827	8.2784132431809461	8.2044640897118661	FRF Algorithm 3	0.66597371975541952	0.63280560757319815	0.62845691678242843	0.62263571008338103	0.57360770517321646	0.58859154145620451	0.58952323792131489	0.5756931091204831	0.59362555444117016	r(m)

System Throughput (Bits/S/Hz



FRF Optimal Algorithm	20	30	40	50	60	70	80	90	100	9.9022502939449648	9.6202167956027029	9.4396355160483871	9.2116941297319599	9.0526136354973961	9.0249052369680172	8.8127992933974113	8.7280497200711427	8.6804319259612566	FRF Algorithm 1	20	30	40	50	60	70	80	90	100	3.8774752780975992	3.7097025613476227	3.5884299871377334	3.4977787619057179	3.4302448372739813	3.3777594629229832	3.3094403277639013	3.2583851428776121	3.2213938118181051	FRF Algorithm 2	20	30	40	50	60	70	80	90	100	9.3995926367848011	9.0457230377573907	8.8805472343874321	8.6766354190832491	8.5263884933450083	8.4475330160416124	8.3245272331387827	8.2784132431809461	8.2044640897118626	FRF Algorithm 3	20	30	40	50	60	70	80	90	100	0.66597371975541964	0.63280560757319892	0.62845691678242843	0.62263571008338159	0.57360770517321669	0.58859154145620429	0.58952323792131467	0.57569310912048333	0.5936255544411706	SRF Optimal Algorithm	20	30	40	50	60	70	80	90	100	9.3223053285222637	9.0525730461755494	8.7760701926017486	8.6544095894798225	8.5024369460423959	8.4152032458518349	8.2122661620611286	8.1662526018677948	8.1137931189173784	SRF Algorithm 1	20	30	40	50	60	70	80	90	100	3.2734903582261596	3.1064000263983829	2.9972049123034648	2.9086697410811011	2.8304475981568937	2.7739276932305996	2.72492487052858	2.6770666234356515	2.620842969325047	SRF Algorithm 2	20	30	40	50	60	70	80	90	100	8.7744010303514273	8.3848305652300485	8.2083683639189449	8.0383671850208511	7.9419558502183785	7.8378602529365127	7.6830640453923147	7.6856582016139896	7.5959790556400124	SRF Algorithm  3	20	30	40	50	60	70	80	90	100	0.15472452431030759	0.13490016284875184	0.11275401127686789	0.11839495914090656	9.2670739767364591E-2	9.6279305049253514E-2	0.11455133993199748	0.10722140737164433	0.14078860147564173	r(m)

System Throughput (Bits/S/Hz



SRF Optimal Algorithm	20	30	40	50	60	70	80	90	100	9.3223053285222672	9.0525730461755494	8.7760701926017486	8.6544095894798225	8.5024369460424047	8.4152032458518349	8.2122661620611233	8.1662526018677948	8.1137931189173784	FRF Optimal Algorithm	9.9022502939449648	9.6202167956027029	9.4396355160483871	9.2116941297319599	9.0526136354973961	9.0249052369680172	8.8127992933974113	8.7280497200711427	8.6804319259612566	SRF Algorithm 2	20	30	40	50	60	70	80	90	100	8.7744010303514237	8.3848305652300503	8.2083683639189413	8.038367185020844	7.9419558502183785	7.8378602529365109	7.6830640453923165	7.6856582016139896	7.5959790556400115	FRF Algorithm 2	9.3995926367848011	9.0457230377573907	8.8805472343874321	8.6766354190832491	8.5263884933450083	8.4475330160416124	8.3245272331387827	8.2784132431809461	8.2044640897118626	SRF Algorithm 1	20	30	40	50	60	70	80	90	100	3.2734903582261596	3.1064000263983829	2.9972049123034648	2.9086697410811011	2.8304475981568937	2.7739276932305996	2.72492487052858	2.6770666234356515	2.620842969325047	FRF Algorithm 1	3.8774752780975992	3.7097025613476218	3.5884299871377325	3.497778761905717	3.4302448372739822	3.3777594629229832	3.3094403277639022	3.2583851428776107	3.2213938118181047	SRF Algorithm  3	20	30	40	50	60	70	80	90	100	0.15472452431030759	0.13490016284875184	0.11275401127686789	0.11839495914090656	9.2670739767364591E-2	9.6279305049253514E-2	0.11455133993199748	0.10722140737164433	0.14078860147564173	FRF Algorithm 3	0.66597371975541952	0.63280560757319815	0.62845691678242843	0.62263571008338103	0.57360770517321646	0.58859154145620451	0.58952323792131489	0.5756931091204831	0.59362555444117016	r(m)

System Throughput (Bits/S/Hz



SRF Optimal Algorithm	20	30	40	50	60	70	80	90	100	9.3223053285222672	9.0525730461755494	8.7760701926017486	8.6544095894798225	8.5024369460424047	8.4152032458518349	8.2122661620611233	8.1662526018677948	8.1137931189173784	FRF Optimal Algorithm	9.9022502939449648	9.6202167956027029	9.4396355160483871	9.2116941297319599	9.0526136354973961	9.0249052369680172	8.8127992933974113	8.7280497200711427	8.6804319259612566	SRF Algorithm 1	20	30	40	50	60	70	80	90	100	3.2734903582261605	3.1064000263983829	2.9972049123034648	2.9086697410811011	2.8304475981568937	2.7739276932305996	2.7249248705285809	2.6770666234356506	2.6208429693250461	FRF Algorithm 1	3.8774752780975992	3.7097025613476227	3.5884299871377334	3.4977787619057179	3.4302448372739813	3.3777594629229832	3.3094403277639013	3.2583851428776121	3.2213938118181051	SRF Algorithm 2	20	30	40	50	60	70	80	90	100	8.7744010303514237	8.3848305652300503	8.2083683639189413	8.038367185020844	7.9419558502183785	7.8378602529365109	7.6830640453923165	7.6856582016139896	7.5959790556400115	FRF Algorithm 2	9.3995926367848011	9.0457230377573907	8.8805472343874321	8.6766354190832491	8.5263884933450083	8.4475330160416124	8.3245272331387827	8.2784132431809461	8.2044640897118626	SRF Algorithm  3	20	30	40	50	60	70	80	90	100	0.15472452431030759	0.13490016284875184	0.11275401127686789	0.11839495914090656	9.2670739767364563E-2	9.6279305049253527E-2	0.11455133993199748	0.10722140737164439	0.14078860147564173	FRF Algorithm 3	0.66597371975541964	0.63280560757319892	0.62845691678242843	0.62263571008338159	0.57360770517321669	0.58859154145620429	0.58952323792131467	0.57569310912048333	0.5936255544411706	r(m)

System Throughput (Bits/S/Hz



SRF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.0853274906159267	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.1226692225923234	6.1584982049315284	6.1324443196377683	6.1435176996698608	6.1583394865441736	SRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.4749133932966494	6.6872348061325138	6.9270079410722225	6.9737691030802917	7.027420183987549	SRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.9635862179966299	7.4691113256524915	7.9586505709944104	8.2660372395091457	8.580313826923053	SRF Algorithm  3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	8.9589228429035224E-3	0.30133112293377678	0.81898241129768479	1.2359767989090724	1.6475526745978921	1.6538787967226618	1.6945152623502804	1.702164544523624	1.7062980058268442	1.7099481889397936	1.7224717181228975	1.7317043161204224	1.7371278975571105	1.7584040838698545	1.7541498583328159	FRF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474246	2.3829722111821936	2.9656355895494233	3.5451842506540303	4.1357811683363588	4.7215661150998534	5.3098556623920103	5.8915362494499766	6.4768832340933153	7.0605908394552968	7.1444012778941328	7.1997908524113141	7.2484012045309143	7.2976557357303067	7.3387098788441145	FRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474246	2.3829722111821936	2.9656355895494233	3.5451842506540303	4.1357811683363588	4.7215661150998534	5.3098556623920103	5.8915362494499766	6.4768832340933153	7.0605908394552968	7.6960585999998941	7.8600421355615158	7.9520900720988923	8.0208915162862837	7.9881017658898719	FRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474246	2.3829722111821936	2.9656355895494233	3.5451842506540303	4.1357811683363588	4.7215661150998534	5.3098556623920103	5.8915362494499766	6.4768832340933153	7.0605908394552968	7.6261177731449665	8.1901668008763533	8.7504585877086782	9.317119839774902	9.8853390036106941	FRF Algorithm 3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	0.72445175879505552	1.1532550185116879	1.5543600279940628	2.0042203624357326	2.444073783707752	2.4581627254842298	2.4918689098137228	2.4895170512006533	2.5029791119203426	2.5093235795442017	2.5177634930869019	2.5293138412545928	2.5387651689551607	2.5451487967555577	2.5447324143981889	K 

System throughput (bits/s/Hz)



FRF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.144401277894131	7.1997908524113141	7.2484012045309143	7.2976557357303085	7.3387098788441154	FRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.370276716866571	7.6428542134726341	7.9520900720988905	8.0208915162862873	7.9881017658898736	FRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.6261177731449665	8.1901668008763533	8.7504585877086818	9.3171198397749055	9.8853390036106976	FRF Algorithm 3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	0.72445175879505552	1.1532550185116881	1.5543600279940628	2.0042203624357335	2.4440737837077529	2.4581627254842289	2.4918689098137206	2.4895170512006546	2.5029791119203426	2.5093235795442017	2.5177634930869011	2.5293138412545946	2.5387651689551607	2.5451487967555582	2.544732414398188	RF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.0853274906159271	1.675361884294152	2.2263108667724016	2.7758415012241233	3.3416600328955348	3.8950019308231396	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.1226692225923225	6.1584982049315284	6.13244431963777	6.1435176996698608	6.1583394865441718	RF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.675361884294152	2.2263108667724016	2.7758415012241233	3.3416600328955348	3.8950019308231396	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.4749133932966476	6.6872348061325164	6.9270079410722234	6.9737691030802882	7.027420183987549	RF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.675361884294152	2.2263108667724016	2.7758415012241233	3.3416600328955348	3.8950019308231396	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.9635862179966317	7.4691113256524915	7.9586505709944122	8.2660372395091386	8.5803138269230566	RF Algorithm  3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	8.9589228429035172E-3	0.30133112293377673	0.81898241129768479	1.2359767989090733	1.6475526745978921	1.653878796722662	1.6945152623502799	1.702164544523624	1.7062980058268442	1.7099481889397936	1.7224717181228979	1.7317043161204233	1.7371278975571112	1.7584040838698549	1.7541498583328159	K 

System throughput (bits/s/Hz)



SRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.4749133932966494	6.6872348061325138	6.9270079410722225	6.9737691030802917	7.027420183987549	FRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.6960585999998941	7.8600421355615175	7.9520900720988905	8.0208915162862873	7.9881017658898736	SRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.9635862179966299	7.4691113256524915	7.9586505709944104	8.2660372395091457	8.580313826923053	FRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.6261177731449665	8.1901668008763533	8.7504585877086818	9.3171198397749055	9.8853390036106976	RF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.0853274906159271	1.675361884294152	2.2263108667724016	2.7758415012241233	3.3416600328955348	3.8950019308231396	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.1226692225923225	6.1584982049315284	6.13244431963777	6.1435176996698608	6.1583394865441718	FF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474246	2.3829722111821936	2.9656355895494233	3.5451842506540303	4.1357811683363588	4.7215661150998534	5.3098556623920103	5.8915362494499766	6.4768832340933153	7.0605908394552968	7.1444012778941328	7.1997908524113141	7.2484012045309143	7.2976557357303067	7.3387098788441145	RF Algorithm  3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	8.9589228429035172E-3	0.30133112293377673	0.81898241129768479	1.2359767989090733	1.6475526745978921	1.653878796722662	1.6945152623502799	1.702164544523624	1.7062980058268442	1.7099481889397936	1.7224717181228979	1.7317043161204233	1.7371278975571112	1.7584040838698549	1.7541498583328159	FF Algorithm 3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	0.72445175879505552	1.1532550185116879	1.5543600279940628	2.0042203624357326	2.444073783707752	2.4581627254842298	2.4918689098137228	2.4895170512006533	2.5029791119203426	2.5093235795442017	2.5177634930869019	2.5293138412545928	2.5387651689551607	2.5451487967555577	2.5447324143981889	K 

System throughput (bits/s/Hz)



SRF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.0853274906159267	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.1226692225923234	6.1584982049315284	6.1324443196377683	6.1435176996698608	6.1583394865441736	FRF Algorithm 1	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.144401277894131	7.1997908524113141	7.2484012045309143	7.2976557357303085	7.3387098788441154	SRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.4749133932966494	6.6872348061325138	6.9270079410722225	6.9737691030802917	7.027420183987549	FRF Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.6960585999998941	7.8600421355615175	7.9520900720988905	8.0208915162862873	7.9881017658898736	SRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.1179056789292596	1.6753618842941518	2.226310866772403	2.7758415012241233	3.3416600328955348	3.8950019308231383	4.4505072532243837	5.0028080519360625	5.5652732783024286	6.1129733413746044	6.9635862179966299	7.4691113256524915	7.9586505709944104	8.2660372395091457	8.580313826923053	FRF Opt-Algorithm 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	1.8019343940474237	2.3829722111821936	2.9656355895494233	3.5451842506540316	4.135781168336357	4.7215661150998534	5.3098556623920095	5.8915362494499748	6.4768832340933171	7.0605908394552932	7.6261177731449665	8.1901668008763533	8.7504585877086818	9.3171198397749055	9.8853390036106976	SRF Algorithm  3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	8.9589228429035224E-3	0.30133112293377678	0.81898241129768479	1.2359767989090724	1.6475526745978921	1.6538787967226618	1.6945152623502804	1.702164544523624	1.7062980058268442	1.7099481889397936	1.7224717181228975	1.7317043161204224	1.7371278975571105	1.7584040838698545	1.7541498583328159	FRF Algorithm 3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	0.72445175879505552	1.1532550185116881	1.5543600279940628	2.0042203624357335	2.4440737837077529	2.4581627254842289	2.4918689098137206	2.4895170512006546	2.5029791119203426	2.5093235795442017	2.5177634930869011	2.5293138412545946	2.5387651689551607	2.5451487967555582	2.544732414398188	K 

System throughput (bits/s/Hz)



SRF Optimal Algorithm #25	18	19	20	21	22	23	24	25	26	27	4.6254379000230301	4.6795744230245466	5.3655696719336454	6.7169927447484188	6.6535415777096993	7.0534645391941266	8.307895188949729	8.191210930275723	7.236378430153998	8.5504407354603362	SRF Optimal Algorithm #50	18	19	20	21	22	23	24	25	26	27	4.7061434007922802	5.2548954053261863	5.7501742947666106	6.7348124141682462	6.8587338382845848	7.5338621242927717	8.1742927429301471	7.9049365947438623	8.3744338837773178	8.3930700530221305	SRF Optimal Algorithm #75	18	19	20	21	22	23	24	25	26	27	4.6316928487953364	5.2119715472479067	5.7747543226240481	6.3912426053790581	6.8254352215717162	7.141290201621783	7.6703237056164308	7.9591630256002199	8.1291726861472249	8.7250045316253733	SRF Optimal Algorithm #100	18	19	20	21	22	23	24	25	26	27	4.7123983495645794	5.2282233338163753	5.8229279250158079	6.4090622747988863	6.8426219119000464	6.8696655057342069	7.4822985945254814	7.8707892903278864	8.1738273233366314	8.7655344494467045	SRF Optimal Algorithm #125	18	19	20	21	22	23	24	25	26	27	4.6834115330507275	5.2300475904613313	5.7826188474688225	6.3797720312757074	6.8422636572521185	7.0859539870908117	7.5925802924506209	7.9116296368906589	8.1548969159940654	8.627869678031395	SRF Optimal Algorithm ‎	18	19	20	21	22	23	24	25	26	27	4.6834115330507275	5.2300475904613313	5.7826188474688225	6.3797720312757074	6.8422636572521185	7.0859539870908117	7.5925802924506209	7.9116296368906589	8.1548969159940654	8.627869678031395	Pmax(dBm)

System Throughput (Bits/S/Hz)
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Fig. 3: Device-to-Device communication classification.
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function [output] = MODE_Selection UPLINK DOWNLINK(K,M,Nu,Nd)
available links=NutNd;
if X > available links & max(Nu,Nd) <= 0
% Heavy Load = Reuse
else if K > available links & max(Nu,Nd) > 0
%+ Medium Load = Dedicated + Reuse

else if K <= available links & max(Na,Na) > 0
% Light mode = Dedicated + Cellualr
end
end

end
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