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Abstract

:

Small cells deliver cost-effective capacity and coverage enhancement in a cellular network. In this work, we present the interplay of two technologies, namely Wi-Fi offloading and small-cell cooperation that help in achieving this goal. Both these technologies are also being considered for 5G and B5G (Beyond 5G). We simultaneously consider Wi-Fi offloading and small-cell cooperation to maximize average user throughput in the small-cell network. We propose two heuristic methods, namely Sequential Cooperative Rate Enhancement (SCRE) and Sequential Offloading Rate Enhancement (SORE) to demonstrate cooperation and Wi-Fi offloading, respectively. SCRE is based on cooperative communication in which a user data rate requirement is satisfied through association with multiple small-cell base stations (SBSs). However, SORE is based on Wi-Fi offloading, in which users are offloaded to the nearest Wi-Fi Access Point and use its leftover capacity when they are unable to satisfy their rate constraint from a single SBS. Moreover, we propose an algorithm to switch between the two schemes (cooperation and Wi-Fi offloading) to ensure maximum average user throughput in the network. This is called the Switching between Cooperation and Offloading (SCO) algorithm and it switches depending upon the network conditions. We analyze these algorithms under varying requirements of rate threshold, number of resource blocks and user density in the network. The results indicate that SCRE is more beneficial for a sparse network where it also delivers relatively higher average data rates to cell-edge users. On the other hand, SORE is more advantageous in a dense network provided sufficient leftover Wi-Fi capacity is available and more users are present in the Wi-Fi coverage area.
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1. Introduction


Mobile network usage is increasing at a rapid rate of more than 40% compound annual growth rate. This is mainly due to the growing usage of video, online gaming, live streaming and multimedia applications etc., while the virtual reality and augmented reality applications are looming on the horizon. COVID-19 has further hyped up this demand as online video meetings and lecturing has increased significantly. As the use of social media has become widely popular, over-the-top players, such as Facebook and WhatsApp, have also increased their dominance in core communication services such as messaging and voice communication. This has resulted in significant decline in communication services revenues for the mobile network operators (MNOs). Therefore, it has become even more important for the MNOs to keep their CAPEX and OPEX low and rely on those technologies that offer wireless capacity enhancement with relatively lower investments. In this respect, Wi-Fi offloading and base station cooperation (or coordination) are very effective strategies. Wi-Fi offloading allows the MNOs to leverage the unlicensed spectrum, whereas cooperation helps in efficient use of licensed resources through coordination between the base stations.



Several technologies have emerged recently that involve cellular data traffic offloading to Wi-Fi; however, LTE-Unlicensed (LTE-U) and License-Assisted Access (LAA) are the most notable [1,2]. LTE-U performs adaptive duty cycling with Carrier Sense Adaptive Transmission (CSAT), and adapts according to the Wi-Fi traffic load; however, it does not perform Listen Before Talk (LBT) [3]. LAA on the other hand does perform LBT, hence, it is considered to be better in maintaining fairness with Wi-Fi devices. Both LTE-U and LAA operate in 5GHz band and have been standardized in 3GPP Rel-12 and Rel-14 respectively [4]. Several studies have tried to analyze the fairness between LTE-U/LAA and Wi-Fi. The FCC report on the co-existence of LAA and Wi-Fi indicated that LAA could adversely affect throughput of Wi-Fi in an unfair manner [5]. In [6], the fairness between Wi-Fi and LTE-U/LAA was investigated and it was concluded that when configured optimally, LTE-U and LAA could provide the same level of fairness as other Wi-Fi devices.



Coordinated Multipoint (CoMP) helps in improving coverage and cell-edge data rates and minimizes intercell interference through coordination between the base stations [7]. CoMP is also sometimes referred to as cooperative communication. While using CoMP, various transmission or reception points, such as SBS, relaying nodes or remote radio heads (RRH), can be coordinated to provide efficient service to the user equipment (UE). For example, data can be simultaneously transmitted in the same resource blocks from more than one SBS to a single UE, or data can be received by a UE from one SBS in one subframe and from another SBS in the next subframe [8]. Thus, CoMP enables the optimum paths for uplink and downlink traffic. CoMP has two main approaches; the first is based on interference mitigation and this includes coordinated scheduling (CS) and coordinated beamforming. The second approach is based on fusion, in which the base stations simultaneously transmit to an intended UE, and their streams are fused using joint transmission (JT) or joint processing (JP). CoMP implementation requires additional overhead communication due to exchange of channel state information (CSI), scheduling complexity and additional backhaul limitations. JT/JP typically requires additional transmit power to deliver capacity gains, especially for cell-edge UEs [9,10].



In this paper, we present the comparison of Wi-Fi offloading and cooperative communication in a small-cell network. The proposed techniques can be adopted to enhance the QoS of the network and they can be implemented using network function virtualization (NFV) and software-defined networking (SDN) on top of the standard infrastructure. Due to the QoS enhancement of these strategies, we base our analysis of the two schemes as a QoS maximization problem. We consider sum data rate as our QoS measure and formulate the two problems individually. For Wi-Fi offloading, the data rate maximization relies mainly on the Wi-Fi leftover capacity, whereas, for cooperative communication, the number of associations of a user with small-cell (SC) base stations is the key factor. After analyzing each of the scenario, switching criteria is set for switching scheme.



The rest of the paper is structured as follows: Section 2 presents related research work. Section 3 describes the transmission models for both cooperation and Wi-Fi Offloading. Section 4 presents our proposed heuristics i.e., SCRE and SORE for the case of cooperation and offloading. Results and performance analysis is discussed in Section 5. Section 6 provides the future directions and conclusion.




2. Related Work


In this section, we present recent studies that have explored rate maximization in cooperative communication and Wi-Fi offloading. The related work for this paper can be categorized in two areas, i.e., cooperative communication and Wi-Fi offloading and we discuss each of them separately.



2.1. Cooperative Small Cells


BS cooperation is being considered for 5G and beyond 5G (B5G) for efficient coverage and high throughput. For B5G, cell-free system is being proposed where a group of base stations cooperatively serve the users without creating autonomous cells while intelligently identifying the user’s communication environments [11,12,13,14]. Base station cooperation technologies are also critical for providing reliable cell-edge service in the millimeter wave bands, even for high mobility scenarios. In [15], SBS cooperation is implemented with digital beamforming in millimeter wave band.



For 5G/B5G systems data are cooperatively transmitted by multiple License-assisted access (LAA) SBSs through the unlicensed spectrum [16]. To improve the access to unlicensed spectrum, a coordinated access to the unlicensed spectrum is proposed using learning-assisted clustering of densely deployed SBSs. The CSI of LAA users in unlicensed band is fed back to the control plane of the (5G/B5G) system, and data are cooperatively transmitted by multiple LAA SBSs. Han et al. [17] analyzed small-cell base station (SBS) cooperation for software-defined hetnets using different metrics including connectivity probability, load balancing and energy efficiency. Chen et al. [18] proposed a joint transmission coordinated multipoint (JT-CoMP) technique that addresses the time synchronization issue. As described earlier, CoMP is a form of SBS cooperation, and it is being actively explored for implementation in 5G/B5G systems. Li et al. [12] analyze coordinated beamforming/scheduling scheme for massive MIMO small-cell network and their analysis shows 2–4.5 times higher average sum-rate compared to non-cooperative massive MIMO network. This signifies SBS cooperation for future systems that are likely to have massive MIMO-based SBS.



In [19], by controlling user association, resource and power allocation, the authors aim to maximize the sum rate while also considering intercell interference coordination. In [20], the authors solve non-convex sum-rate maximization problem while considering limited backhaul capacity of small-cell BSs. In [20], the authors solve maximization problem related to the proportional fairness of cooperative multi cell network. The author of [21] optimizes association of user for load balancing by using CoMP techniques in cellular networks. A joint user association with JP-CoMP scheme for proportional fairness maximization among users of a network within a small-cell cluster using hybrid self-organizing network (SON) is proposed in [22]. It is argued that the proposed scheme is effective (in terms of reducing the intercell interference) in handling the load balancing of the network. In [23], a mathematical framework for a user-centric small-cell network is proposed. The authors argue that Poisson Point Process is not a rigorous model when cooperation of small cells is involved. They also compute an optimal number of small cells for each user that maximizes the energy efficiency.



The cooperative small-cell concept has also been explored for enhancing caching in small-cell networks. The authors in [24] propose a high-performance architecture for fast content delivery using femto caching along with femto BS cooperation. If a user requests certain video file that is cached, then the femto BSs with the file cached will cooperate to transmit the information to the user. An energy efficient caching for a cooperative small cell is proposed in [25]. A file placement strategy is investigated such that the cooperation can enhance the overall energy efficiency of the network.




2.2. Wi-Fi Offloading in Small Cells


Substantial research has been performed on Wi-Fi offloading due to the benefits associated with offloading mobile network data to Wi-Fi that mainly include BS power saving, easing of network congestion and quality-of-service improvement for the users, especially in dense areas. Work in this area started more than a decade ago; however, due to its overwhelming advantages and network upgrades, research in this area still continues and Wi-Fi offloading is also being considered for 5G and B5G. Yi et al. [26] proposed a bid-based heterogeneous resource allocation framework that enables MNOs to efficiently use both cellular and operator-owned Wi-Fi resources simultaneously. An auction-based mechanism is used to achieve dynamic Wi-Fi offloading with awareness of user valuations. The operator-domain offloading helps avoid selfish user behavior and ensures near-optimal profit and social utility. Wehnao et al. [27] proposed a scheme for joint Wi-Fi and cellular offloading to optimally reduce the energy consumption and latency of mobile terminals in task processing.



Han proposed a Wi-Fi offloading algorithm based on traffic congestion awareness in [28]. The algorithm assumes user traffic information based on usage pattern (e.g., video streaming or emails etc.), i.e., user priority level. Users with high priority level are offloaded to Wi-Fi on priority. However, it does not describe the overhead signaling involved in updating the priority level information which likely varies over time. Zhou et al. [29] proposed an incentive mechanism to encourage Wi-Fi AP owners to participate in data offloading. Their scheme (Delay-constraint and Reverse Auction-based Incentive Mechanism) solves an optimization problem to maximize the revenue of the MNO while jointly considering the delay constraint for various user applications. A Vickrey–Clarke–Groves scheme-based payment rule is also proposed to guarantee the individual rationality and truthfulness properties of users while considering different traffic load scenarios. Feng et al. [30] proposed an optimal pricing scheme to maximize the user satisfaction through Wi-Fi offloading and minimize the monetary losses to MNO incurred due to users offloading to Wi-Fi.



Previous works have individually considered cooperative SC network or Wi-Fi offloading for rate maximization. However, no work has considered the conditions in which either of the techniques is more useful compared to the other. In this work, we provide a comparison of the two schemes and discuss the scenarios where one is beneficial over the other.




2.3. Contribution


SBS cooperation is a vital technology being considered for 5G and B5G in the context of cell-free communication. Wi-Fi offloading is also being actively explored for 5G and B5G to complement cellular network throughput and coverage. Our study simultaneously considers both technologies for average data rate enhancement while considering different network conditions, which has not been considered in the previous studies. The specific contributions of this paper are as follows.



	
We formulate a resource allocation problem for Wi-Fi offloading and SBS cooperation for co-located Wi-Fi access points (APs) and SBSs. In the case of Wi-Fi offloading, allocation of leftover capacity from the Wi-Fi network to the LTE UEs is considered to be an optimization variable, whereas for SBS cooperation the association with multiple SBSs is considered along with OFDM resource block allocation and power allocation problem.



	
We propose heuristic algorithms based on sequential allocation of resources for both offloading and cooperation scenarios. The heuristic algorithms are called sequential cooperative rate enhancement (SCRE) and sequential offloading rate enhancement (SORE) for small-cell cooperation and Wi-Fi offloading, respectively.



	
We present a comparative analysis between SCRE and SORE for maximizing the average user data rate depending on the network conditions. We conclude from the results that cooperation (SCRE) is more beneficial in less dense network where several users are at cell edge and the average data rate requirement is high. However, Wi-Fi offloading (SORE) is more advantageous when the density of cellular UEs is higher and more UEs are present within Wi-Fi range and there is also sufficient Wi-Fi leftover capacity available.








3. System Model


In this section, we present the system model for both cooperative communication and Wi-Fi offloading. An OFDMA-based downlink within a sector of a two-tier macro cell (MC)-SC network is considered with N SCs and M UEs. The SCs consider in the MC network are placed adjacent to each other and K unique OFDMA resource blocks (smallest unit of an OFDMA system) are assigned to each of them. We denote the small-cell BSs, UEs and RBs set as   I = { 1 , 2 , … , M }  ,   J = { 1 , 2 , … , N }   and   K = { 1 , 2 , … , K }  , respectively. A time interval T is considered for which the resources are allocated in both the strategies while assuming quasi-static channel conditions. As already mentioned, this paper compares cooperative communication with Wi-Fi offloading. These two scenarios are shown in Figure 1a,b, respectively. Table 1 describes the notations used throughout the paper.



3.1. Transmission Model for Cooperative Small-Cell Network


Figure 1a shows the transmission scenario for cooperative SC network. In this network, each user can be served by more than one small-cell BSs to enhance its quality-of-service (QoS). As shown in Figure 1a, three SCs bounded with dashed lines are present in a MC. User j is served cooperatively by SBS i and   i + 2   through multiple links as illustrated with solid lines. However, SBS   i + 1   creates interference for UE j. In this paper, we consider achievable data rate as a measure of QoS for a user. In the case of cooperative communication, a joint problem of user association with multiple SCs, RB allocation and power allocation is studied. Here central BS (macro BS in this case) knows all the channel conditions. The optimization/control variable considered are as follows:


   x  i j  k  =      1 ,      if  a  UE  j  is  associated  with  a  SBS  i  on  a  RB  k ,       0 ,      otherwise        



(1)




and power allocation variable   P  i j  k   which can be allocated a value in range of   0 ≤  P  i j  k  ≤  P i  m a x    . Dimensions of association matrix and power allocation are   X [ M × N × K ]   and   P [ M × N × K ]   respectively. The signal-to-interference plus noise (SINR) ratio of a UE j associated with a SBS i on a RB k is given as:


   γ  i j  k  =    P  i j  k   G  i j      σ 2  +  ∑   i   ′   ∈ I ,  i   ′   ≠ i    P   i   ′   j  k   G   i   ′   j     ,  



(2)




where   P  i j  k   is the power transmitted from a SBS i to a UE j on a RB k,   G  i j    is the channel gain experienced by a UE j from a SBS i,    ∑   i   ′   ∈ I ,  i   ′   ≠ i    P  i j  k   G  i j     is the interference power received from all the remaining cells in set I and   σ 2   is the additive white Gaussian Noise. A physical interference model is considered to be presented in [31]. According to this model, two users cannot share the same resources if the SINR between the two is above a certain threshold. We use normalized data rates expressed as,


   R  i j  k  =  log 2   ( 1 +  γ  i j  k  )  .  



(3)




Equation (3) represents the achievable data rate of a UE j from a SBS i on a RB k. The achievable data rate of a UE over all SBS and all RBs using cooperative communication is represented as follows:


   R j c  =  ∑  i ∈ I    ∑  k ∈ K    x  i j  k   R  i j  k  ,  



(4)




where   x  i j  k   is an association and RB allocation indicator and which is equal to 1 when a UE j is associated with a SBS i on a RB k and is 0 otherwise.   R j c   represents the achievable rate to a UE j using cooperative communication.




3.2. Transmission Model for Wi-Fi Offloading in Small Cells


Figure 1b shows the transmission model for the Wi-Fi offloading strategy in the SC network. Here the SBS and Wi-Fi AP are co-located with licensed band for cellular UEs and unlicensed band for Wi-Fi only (non-cellular) UEs. In this model, we assume that the Wi-Fi APs are either user deployed, or they might be deployed by another entity such as city council. Thus, the Wi-Fi operation does not incur any cost to the cellular operator. For convenient distinction, we refer to the Wi-Fi only UEs as Wi-Fi devices. Cellular UEs can also be offloaded to Wi-Fi (LTE-U). As shown in Figure 1b, three SC bounded with dashed lines are present in a MC. Each Wi-Fi BS has its own coverage region shown with a dotted line. UE j connects with a single SBS i using LTE downlink shown with a solid line to meet its data rate demand. In the case that it is unable to meet rate threshold then it is offloaded to LTE-U link of SBS   i + 2   because it lies within the Wi-Fi range of that SBS. Similarly, UE   j + 1   connects with a single SBS   i + 1   using LTE downlink and in addition it can be offloaded to the Wi-Fi AP co-located with the SBS   i + 1   to satisfy its data rate requirement. This Wi-Fi AP is also referred to as LTE-U SBS. In the SC network with Wi-Fi offloading, a joint problem involving user association with SBS, RB allocation, power allocation and leftover capacity is analyzed. The variables that indicate the UE’s association with LTE SBS and LTE-U SBS are


   y  i j  k  =      1 ,      if  a  UE  j  is  associated  with  LTE  SBS   i  t h    on  a  RB  k ,       0 ,     otherwise        



(5)




and


   z  i j   =      1 ,      if  a  UE  j  is  associated  with   LTE - U   of  SBS  i ,       0 ,     otherwise .       



(6)







The power allocation variable   P  i j  k   can be allocated a value between 0 and   P i  m a x   . Dimensions of association matrices are   Y [ M × N × K ]  ,   Z [ M × N ]   and the dimensions of the power allocation matrix is   P [ M × N × K ]  . Data rate   R  i j  U   that can be achieved by a UE j from a Wi-Fi AP i is one of our controlling variables. We assume that the leftover capacity of each Wi-Fi AP is known to MBS. The leftover capacity of an AP is defined as    L i  =  R  A  P i    −  ∑  w ∈ W    r i w    as in [32]. Here   R  A  P i     is the total capacity of a Wi-Fi AP i and   r i w   is the data rate achieved by a Wi-Fi device w. Hence, the leftover capacity is equal to the rate that can be achieved by a UE (on LTE-U link) after all the Wi-Fi devices have satisfied their required data rates. The leftover capacity typically depends on the number of Wi-Fi devices and their average data rate requirement. The leftover capacity of each user is expressed as   R  j  U  . As the number of Wi-Fi devices increase, the leftover capacity reduces and vice-versa. SINR of a cellular UE using licensed band can be represented as   γ  i j   L T E , k    as:


   γ  i j   L T E , k   =    P  i j  k   G  i j      σ 2  +  ∑   i   ′   ∈  I j  ,  i   ′   ≠ i    P   i   ′   j  k   G   i   ′   j     ,  



(7)




where   P  i j  k   is the power transmitted from a SBS i to a UE j on a RB k and   G  i j    is the channel gain experienced by a UE j from a SBS i. We use normalized rates in this model. Moreover, we also use Rayleigh fading channels in our model. The required power for a UE j is a product of power received by using a RB k of a SBS i and gain   G  i j    from a SBS i to a UE j.   σ 2   is the noise power and    ∑   i   ′   ∈ I ,  i   ′   ≠ i    P  i j  k   G  i j     is interference power received from all the remaining SBSs in set I. The achievable data rate of a UE j using a RB k of LTE band of a SBS i is represented as:


   R  i j   L T E , k   =  log 2   ( 1 +  γ  i j   L T E , k   )  ,  



(8)




and the data rate achieved over all SBSs over LTE band using all RBs is represented as:


   R j  L T E   =  ∑  i ∈ I    ∑  k ∈ K    y  i j  k   R  i j   L T E , k   ,  



(9)




where   y  i j  k   is an association indicator of a UE j of a SBS i on LTE band k as in (5). The achievable data rate by a UE j on unlicensed band is represented as:


   R j U  =  ∑  i ∈ I    z  i j    R  i j  U  ,  



(10)




where   z  i j  k   is an association indicator of a UE j on LTE-U band of a SBS i as defined in (6). The achievable data rate by a UE j while using both bands LTE and LTE-U of a SBS is represented as:


   R j o  =  R j  L T E   +  R j U  .  



(11)







The overall system performance is depicted by finding the overall data rate achieved by all the cellular UEs in Wi-Fi offloading SC network as:


   R o  =  ∑  j ∈ J    R j o  ,  



(12)




where   R j o   represents the rate achieved by a UE j while simultaneously using the LTE band and Wi-Fi offloading. Thus, the cellular UE initially tries to satisfy its rate requirement through LTE link, failing to do so it offloads to Wi-Fi AP to leverage its unused capacity.





4. Comparison between Cooperation and Wi-Fi Offloading in Small-Cell Network


In this section, we present the problem formulation of cooperation and Wi-Fi offloading strategies separately and propose solutions to solve the formulated problems. Cooperation and Wi-Fi offloading are sophisticated algorithms of the two-tiered network to further enhance the data rate experienced by UEs in the network. We consider these two data rate enhancement strategies as these can be added to the existing network through firmware upgrades only, unlike other technologies such as massive MIMO that require major hardware upgrades. In cooperation, a user becomes associated with multiple SCs if the achievable data rate by a single SC is not satisfied. However, in the case of Wi-Fi offloading, the UEs satisfy their partial data rate through the Wi-Fi network. Next, we investigate the joint problem of RB and power allocation for cooperation and Wi-Fi offloading strategies.



4.1. Cooperation in Small-Cell BSs


In this subsection, we will formulate a problem of sum-rate maximization in cooperative small cellular network and propose a heuristic to solve it by associating a user to multiple SBSs on RBs and by allocating power.



For cooperative SC network, we formulate the problem as a sum-rate maximization (utility maximization) problem. The constraints of QoS, maximum association limit and maximum power of SBS are ensured. The problem is formulated for a time frame T to be solved by a central controller (MBS in this case). It aims to associate multiple SBSs to a user, allocates RBs and assigns power. We use a single variable for SBS association and RB allocation   x  i , j  k   and   P  i , j  k   is the power allocation variable. The problem formulated is as follows:


   max  X , P      ∑  j ∈ J    ∑  i ∈ I    ∑  k ∈ K    x  i j  k   R  i j  k    



(13)






     subject  to        ∑  i ∈ I    ∑  k ∈ K    x  i j  k   R  i j  k  ≥  R j  t h    ∀ j ∈ J ,     



(14a)






         ∑  i ∈ I    x  i j  k  ≤  M j   ∀ j ∈ J , ∀ k ∈ K     



(14b)






         ∑  j ∈ J    ∑  k ∈ K    x  i j  k  ≤  N i   ∀ i ∈ I ,     



(14c)






         ∑  j ∈ J    x  i j  k  ≤ 1  ∀ k ∈ K , ∀ i ∈ I ,     



(14d)






         ∑  j ∈ J    ∑  k ∈ K    x  i j  k   P  i j  k  ≤  P  m a x    ∀ i ∈ I .     



(14e)







As already discussed, our objective function as given in (13) is to maximize achievable data rate over all SC UEs. Here multiple SBSs serve a UE. Constraint (14a) is the QoS constraint with   R j  t h    as the minimum data rate requirement of each user j. It ensures that the achievable data rate of each user is above a threshold   R j  t h   . Constraint (14b) is the cooperative SBS constraint. This constraint dictates the number of SBS that all UEs can be associated with and is less than equal to   M j  . In case the value of   M j   is 1, cooperative communication turns into a non-cooperative scenario i.e., each user can only associate itself to a single SBS. Number of UEs that can be served by each SBS is ensured by constraint (14c). Similarly, constraint (14d) ensures that a RB cannot be reused by a SBS. Lastly, constraint (14e) ensures that the maximum power constraint of each SBS is not violated.



Our model of cooperative communication is a mixed integer non-linear programming (MINLP). As illustrated in (13), our objective function is joint resource allocation problem with controlling variables   P  i j  k   and   x  i j  k  .   P  i j  k   is a continuous variable whereas   x  i j  k   is a binary variable. Our objective function is a non-convex function jointly as well as individually with respect to each variable [33] and hence it is an NP hard problem and is hard to solve in polynomial time. Owing to the complexity of the problem, we propose a heuristic algorithm to solve the joint problem in polynomial time.



Sequential Cooperative Rate Enhancement (SCRE) Algorithm for Small-Cell Network


We propose a SCRE algorithm to solve the joint problem of SBS association, RB allocation and power allocation. SCRE is a centralized algorithm and is run on frame-by-frame basis. The MBS solves the problem for a time frame T at the start of the time frame. It assumes to be aware of the quasi-static channel state information for each SBS i to UE j and central node is aware of all the thresholds applied in the network.



The problem is a joint problem of RB allocation, user-to-multiple SBS association and power allocation. These three allocation variables are solved in sequence to maximize the sum rate of the network. Preference is given to the resources of the first SBS that a user is associated with. In case the user’s data rate is not satisfied, the association of the edge UEs (decided based on the channel state conditions) increases whereas the power of the near users is decreased. We assume that the channel state information is known at the MBS [34].



Algorithm 1 shows the steps of the centralized SCRE algorithm. First, all the UEs present in the SC network find a single SBS with which it has the best channel gain from distance priority vector   F j  . Without repetition of RBs, UEs associate with their first-priority SBSs as given in line 4 without violating the maximum association of each SC as stated in constraint (14c). After subtraction a certain portion (depending upon how much data rate of user j needs to be enhanced) of the total maximum power, it distributes the power uniformly between all the UEs associated with it. It saves a certain portion to allocate it to newly associated UEs. Now based on the association and power, it computes the achievable data rate of each user as given in (3). The MBS then verifies if constraint (14a) (QoS constraint) is satisfied or not for each user in the network. In case the achievable data rate of a user j is below the rate threshold values   R j  t h   , to satisfy constraint (14a) then MBS provides it with more resources i.e., RBs, SBSs or power, as mentioned in line 9. All the resources should be completely used by first best link of UEs. If RBs of SBS   i ′   are not used then MBS provides its non-allocated RBs to UE j. The second priority SBS   i  ″    from set   I ′   of user j is determined by the central node, where   I ′   is a set of   { I −  i ′  }   SBSs and checks if its channel gain difference with first-priority SBS   i ′   is less than a threshold value, after this the UE is associated with this SBS.



Our decision of the next resource to be used depends on the difference of channel state of SBS a user is associated with and the next best potential SBS it can be associated with. We use this approach to distinguish most of the edge UEs in the network. In the case the channel gain difference is greater than threshold that means the user is far from the second best SBS and it should not be associated with it. The last resort to satisfy a user’s data rate is to provide more power from already associated SBS   i ′  . After all the options are considered the central node updates the RBs, power and association, and ensures the constraints are satisfied for each user in a round robin fashion. Thus, the resources (RBs, association and power) increase in a sequence based on the channel state conditions to maximize the sum data rate of the network. If UE achieves its data rate then its allocated power is decreased unless its QoS constraint is not violated, and this power adds to available power   Δ i   of SBS i it is associated with.



The algorithm SCRE performs for all the UEs in a cooperative SC network. The computational complexity is of the order   O (  ( M × N )   (  M j  + 2 K )  +  (  M 2  × N )   ( 3 K )  )  .





4.2. Offloading in Co-Located Wi-Fi-Small-Cell BS


In this subsection, we will formulate a problem of sum-rate maximization by using Wi-Fi offloading in small cellular network and propose a heuristic to solve it by associating a user to SBSs on LTE, offload it to unlicensed band to meet its data rate demand and allocating power.








	Algorithm 1 Sequential Cooperative Rate Enhancement (SCRE)



	
	 1:

	
Input:    h  i j   ,  R j  t h   ,  P i  m a x   , R  B  t o t a l    




	 2:

	
Output:    R j c  ,  x  i j  k  ,  P  i j  k   




	 3:

	
    i ′  ⊆  F j  ←  argmax i    h  i , j    first  priority  ∀ j   




	 4:

	
    x   i ′  , j  k  = 1  without  repetition  of   k ′ s   ∀ j   




	 5:

	
    p   i ′  , j  k  =  (  P i  ′ m a x   −  Δ  i ′   )  /  N i ′   ∀  i ′  ∈ I   




	 6:

	
   Calculate   R j   ∀ j   




	 7:

	
while   R  B i  < R  B  t o t a l     do




	 8:

	
 for all users do




	 9:

	
  if    R j   <   R j  t h    O R  R  B i  < R  B  t o t a l     then




	10:

	
     For  All  SBSs  Check  if   i  ″   = = S B S  




	11:

	
     where   i  ″   ⊆  F j  ←  argmax  i ∈  I ′      h  i , j     




	12:

	
   if   R  B  i ′    ≤  R  B  t o t a l     then




	13:

	
       x   i ′  , j  k  = 1 ,  increment  values  of   M j   ,  N  i ′   ,   R B   i ′   




	14:

	
   else if   Δ h   i ′  ,  i  ″    <  v  t h     and  R  B i  ″   < R  B  t o t a l     then




	15:

	
       x   i  ″   , j  k  = 1 ,  increment  values  of    M j   ,   N  i  ″    ,    R B   i  ″    




	16:

	
   else if   Available  power  of   i    > 0   then




	17:

	
       p   i ′  , j  k  =  Δ i  / 2  




	18:

	
   end if




	19:

	
     Update  powers  allocation  




	20:

	
     Calculate   R j   




	21:

	
  else




	22:

	
     For  All  SBSs  and  RBs  Check  its  associations  




	23:

	
   while    R j  >  R j  t h     do




	24:

	
       Δ i  =  Δ i  + extra  power  allocated  to  user  j   




	25:

	
   end while




	26:

	
  end if




	27:

	
 end for




	28:

	
end while




	29:

	
   Overall  Rate  is  ∑ j   R j c    












In co-located Wi-Fi-SC network, we formulate the problem as a sum-rate maximization problem as done for cooperative SC network. In this case, the constraints of QoS, maximum Wi-Fi leftover capacity, maximum association limit and maximum power are ensured. For a fair analysis of cooperation and Wi-Fi offloading, this problem is formulated for a time frame T to be solved by a central controller. The central controller directs to associate UE to a single SBS, allocate RBs, offload on Wi-Fi for partial satisfaction of data rate of a user and assigns power. We use single variable for SBS LTE association and RB allocation   y  i j  k  , single variable for SBS LTE-U association   z  i j   ,   R  i j  U   for leftover data rate allocation and   P  i , j  k   is the power allocation variable. The problem is formulated as:


   max  Y , Z , P ,  R j U      ∑  j ∈ J    (  ∑  i ∈ I    ∑  k ∈ K    y  i j  k   R  i j   L T E , k   +  ∑  i ∈  I j     z  i j    R  i j  U  )  ,  



(15)






     subject  to        ∑  j ∈ J    z  i j    R  i j  U  ≤  (  R  A  P i    −  ∑  w ∈ W    r  i  w  )   ∀ i ∈  I j  ,     



(16a)






         R j  L T E   +  R j U  ≥  R j  t h    ∀ j ∈ J ,     



(16b)






         ∑  i ∈ I    y  i j  k  ≤ 1  ∀ j ∈ J , k ∈ K ,     



(16c)






         ∑  i ∈  I j     z  i j   ≤ 1  ∀ j ∈ J ,     



(16d)






         ∑  j ∈ J    ∑  k ∈ K    x  i j  k   P  i j  k  ≤  P  m a x    ∀ i ∈ I .     



(16e)







As already discussed, our objective function as given in (15) is to maximize achievable rate over all SC UEs. Here a UE is served using additional Wi-Fi capacity from a SC on LTE-U band, therefore, data rate maximization is achieved over both licensed and unlicensed band. Constraint (16a) is the Wi-Fi rate assignment constraint [32]. It ensures that sum achievable data rate of all the cellular UEs on LTE-U band should be less than total leftover capacity   L i   of the Wi-Fi AP which is co-located with the SBS. All the UEs are candidates to offload which have SBS i in their specific Wi-Fi range and these selected SBSs are in set   I j   for each of the   j  t h    UE. Constraint (16b) is the QoS constraint with   R j  t h    as the minimum data rate requirement of each UE j. It ensures that the achievable data rate of each UE over both LTE and LTE-U links is above a threshold   R j  t h   . Constraint (16c) is the user association on LTE and it ensures that a UE can be offloaded onto single SBS. Constraint (16d) is for user association on LTE-U. It also dictates that a UE can be at most associated with single Wi-Fi AP if it is present in its transmission range. Lastly, Constraint (16e) ensures that the maximum power constraint of each SBS is not violated.



Similar to cooperative scenario, Wi-Fi offloading is also a MINLP and is hard to solve in polynomial time. As illustrated in (15), our objective function is a joint resource allocation problem with controlling variables   y  i j  k  ,   z  i j   ,   P  i j  k   and   R  i j  U  .   R  i j  U   is continuous variable, it can take any value in between 0 and maximum leftover capacity,   P  i j  k   is also continuous variable and it can take any value between 0 and   P  m a x    whereas   x  i j  k   and   z  i j    are the binary variables. Constraints are also non-convex along with the objective function [33]. As this problem is also NP hard, we propose a heuristic to solve this problem also.



Sequential Offloading Rate Enhancement (SORE) Algorithm for Small-Cell Network


A SORE algorithm is proposed to solve the joint problem of SBS association and RB allocation, power allocation and leftover Wi-Fi rate allocation. Similar to SCRE, SORE is also centralized algorithm and is assumed to be aware of the channel state information for the each SBS i to UE j.



The problem is a joint problem of RB allocation, user-SBS association, power allocation and leftover Wi-Fi rate allocation. These four allocation variables are combined and then solved in a sequence to maximize the sum rate of the network. In this case, the preference is given to the resources of the SBS that a user becomes associated with on LTE band. In case the user’s data rate is not satisfied, then Wi-Fi offloading is performed to satisfy the partial data rate requirement of the user (decision based on the presence of UE within Wi-Fi range).



Algorithm 2 shows the steps of the centralized SORE algorithm. First, all the UEs are associate to a single SBS with which it has the best channel gain similar to SCRE and then RBs are assigned as represented in line 4. A significant proportion of the total power of each SBS   i ¯   is then divided uniformly between associated UEs in line 5. The data rate requirement of each user is calculated and verified according to (8). Secondly, distance priority matrix   I j   is made for all the UEs in which SBSs with minimum distance with user j are placed in ascending order as illustrated in line 7. Data rate of UEs in the network is required to be satisfied according to constraint (16b). If the value is below than rate threshold value, then it needs to provide more resources (RBs, Wi-Fi Offloading or more power) as mentioned in line 10. First, it lies on the first-priority SBS   i ¯   for more resources. All the licensed resources must be exhausted before Wi-Fi offloading is done. Next it checks SBS for UE j from distance priority matrix, if UE lies within Wi-Fi range of that SBS and this SBS also has non-zero leftover capacity then it provides percentage of leftover rate depending on data rate requirement of UE j. The remaining leftover capacity is reserved for other UEs that lie within its Wi-Fi range. One last way to enhance data rate is to provide more power from already associated SBS   i ¯  . After meeting all these requirements, the user data rate is adjusted and the central node is required to allocate power to the new RBs from the available power of the associated SBS, and it then again calculates the rate iteratively according to (11). Lastly, it will update number of RBs used, leftover capacity and the available power to each SBS. Each UE satisfies its QoS until all the resources are used. The SORE algorithm is applied to all the UEs in the co-located Wi-Fi-SC network. The order of complexity of SORE is   O (  ( M × N )   ( 2 K )  +  (  M 2  × N )   ( 3 K )  )  .








	Algorithm 2 Sequential Offloading Rate Enhancement (SORE)



	
	 1:

	
Input:    h  i j   ,  R j  t h   ,  P i  m a x   , R  B  t o t a l   ,  L i   




	 2:

	
Output:    R j o  ,  y  i j  k  ,  P  i j  k  ,  z  i j   ,  R  i j  U   




	 3:

	
    i ¯  ←  argmax i    h  i , j    first  priority  ∀ j   




	 4:

	
    y   i ¯  , j  k  = 1  without  repetition  of   k ′ s   ∀ j   




	 5:

	
    p   i ¯  , j  k  =  (  P   i ¯    m a x   −  Δ  i ¯   )  /  N  i ¯    ∀  i ¯  ∈ I   




	 6:

	
   Calculate   R j   ∀ j   




	 7:

	
    i ′  ⊆  I j  ←  argmin i    d  i , j    first  priority  ∀ j   




	 8:

	
while    L i  <  L  t o t a l     do




	 9:

	
 for   all  UEs   do




	10:

	
  if    R j   <   R j  t h    O R  R  B i  < R  B  t o t a l     then




	11:

	
     For  All  SBSs  Check  if   i ¯  = = S B S  




	12:

	
   if   R  B  i ¯   < R  B  t o t a l     then




	13:

	
       y   i ¯  , j  k  = 1 ,  increment  values  of   M j   ,   N  i ¯   ,    R B   i ¯   




	14:

	
   else if    d   i ′  , j   <  d w  t h     AND    L  i ′   > 0   then




	15:

	
       z   i ′  , j   = 1  




	16:

	
      Provide  rate  according  to  its  data  rate  demand  




	17:

	
   else




	18:

	
    if    Δ  i ¯   > 0   then




	19:

	
        p   i ¯  , j  k  =  Δ  i ¯   / 2  




	20:

	
    end if




	21:

	
   end if




	22:

	
     Update  powers  allocation  




	23:

	
     Calculate   R j o   




	24:

	
  end if




	25:

	
 end for




	26:

	
end while




	27:

	
   Overall  Rate  is  ∑ j   R j o    














4.3. Switching between SCRE and SORE


Figure 2 shows the switching strategy employed by the network. The network performs switching between Wi-Fi offloading and cooperative communication depending on the network conditions. In this network the data rate of each user can be enhanced by either serving it with more than one SC base stations simultaneously, i.e., cooperative communication or by offloading the traffic to the unlicensed band which is also used by the Wi-Fi. In this network, switching mainly depends on the data rate requirement and user’s density. As shown in Figure 2, SCs bounded with dashed lines are present in a MC.



Based on data rate demand of users and user’s density, central BS (Macro BS) switches to the scheme that performs better under different conditions. As shown in figure, UE j is served cooperatively by connecting to its own SBS using LTE link and then additionally connecting to two neighboring SBS using cooperative communication. Similarly, UE   j + 1   is served using unlicensed Wi-Fi band in addition to its own LTE link. Next we present a switching algorithm that tries to maximize the user data rates while switching between the SCRE and SORE while considering the network conditions.



Switching between Cooperation and Offloading (SCO) Algorithm


Similar to SCRE and SORE, SCO is also a centralized algorithm and is assumed to be aware of the channel state information between each BS i to UE j, switching criteria, user density and their data rate demand. Algorithm 3 shows the switching logic of SCO. The inputs to this algorithm are rate thresholds   R j  t h   , maximum power   P i  m a x    of each SBS i, total number of RBs   R  B  t o t a l    , leftover rate   L i   of each SBS i, total number of UEs N, switching parameter for data rate threshold  α  and switching parameter for user density  β . Similar to SCRE and SORE, in the SCO algorithm the user is associated with the SBS with the highest channel gain. Then its data rate is calculated according to (3) or (8). If the data rate requirement is not fulfilled through connection with a single SBS and more resources need to be allocated, then the SCO algorithm switches to either SCRE or SORE to fulfill the additional data rate requirement.








	Algorithm 3 Switching between Cooperation and Offloading (SCO)



	
	 1:

	
Input:   h  i j  ,  R j  t h   ,  P i  m a x   , R  B  t o t a l   ,  L i  , N , α , β  




	 2:

	
Output:   R j  




	 3:

	
    x  i , j  k  = 1  without  repetition  of   k ′ s   ∀ j   




	 4:

	
    p  i , j  k  =  (  P i  m a x   −  Δ i  )  /  N i   ∀ i ∈ I   




	 5:

	
   Calculate   R j   ∀ j   



  R j  t h    {or N}    R j  t h   > α   {or   N < β   (SCRE case) }




	 6:

	
 while   R  B i  < R  B  t o t a l     do




	 7:

	
  for all users do




	 8:

	
   if    R j   <   R j  t h    O R  R  B i  < R  B  t o t a l     then




	 9:

	
      For  All  BSs  Check  if   i  ″   = = B S  




	10:

	
      where   i  ″   ⊆  F j  ←  argmax  i ∈  I ′      h  i , j     




	11:

	
    if   R  B  i ′    ≤  R  B  t o t a l     then




	12:

	
        x   i ′  , j  k  = 1 ,  increment  values  of   M j   ,   N  i ′   ,    R B   i ′   




	13:

	
    else if   Δ h   i ′  ,  i  ″    <  v  t h   and  R  B i  ″   < R  B  t o t a l     then




	14:

	
        x   i  ″   , j  k  = 1 ,  increment  values  of   M j   ,   N  i  ″    ,    R B   i  ″    




	15:

	
    else if   Available  power  of   i ′    > 0   then




	16:

	
        p   i ′  , j  k  =  Δ i  / 2  




	17:

	
    end if




	18:

	
      Update  powers  allocation  




	19:

	
      Calculate   R j   




	20:

	
   else




	21:

	
      For  All  BSs  and  RBs  Check  its  associations  




	22:

	
    while    R j  >  R j  t h     do




	23:

	
        Δ i  =  Δ i  + extra  power  allocated  to  user  j   




	24:

	
    end while




	25:

	
   end if




	26:

	
  end for




	27:

	
 end while



   R j  t h   < = α   {or   N > = β   (SORE case) }




	28:

	
while    L i  <  L  t o t a l     do




	29:

	
 for   all  UEs   do




	30:

	
  if    R j   <   R j  t h    O R  R  B i  < R  B  t o t a l     then




	31:

	
     For  All  BSs  Check  if   i ¯  = = B S  




	32:

	
   if   R  B  i ¯   < R  B  t o t a l     then




	33:

	
       y   i ¯  , j  k  = 1 ,  increment  values  of   M j   ,   N  i ¯   ,    R B   i ¯   




	34:

	
   else if    d   i ′  , j   <  d w  t h     AND    L  i ′   > 0   then




	35:

	
       z   i ′  , j   = 1  




	36:

	
      Provide  rate  according  to  its  data  rate  demand  




	37:

	
   else




	38:

	
    if    Δ  i ¯   > 0   then




	39:

	
        p   i ¯  , j  k  =  Δ  i ¯   / 2  




	40:

	
    end if




	41:

	
   end if




	42:

	
     Update  powers  allocation  




	43:

	
     Calculate   R j o   




	44:

	
  end if




	45:

	
 end for




	46:

	
end while




	47:

	
   Overall  Rate  is  R =  ∑ j   R j    












We consider two network parameters before switching, i.e., user data rate requirement and user density. The data rate threshold and user density is used to perform switching to enhance the data rate in the small-cell network. After executing SCRE and SORE algorithms, the data rate threshold  α  and user density  β  are computed, which are then used by SCO algorithm to switch to either SCRE or SORE ( α  and  β  are called switching parameters). Depending upon the switching parameters, when SCO algorithm switches to SCRE, it executes the main while loop for SCRE (from line 7 to 28). Similarly, when SCO switches to SORE, it executes the main while loop for SORE (from line 8 to 26). After the switching operation, we obtain the achievable data rate   R j   for each user j. Lastly, the achievable data rate of the network is calculated.



The SCO algorithm is applied to all the UEs in SC network. The order of complexity of SCO is   O ( 5  ( M × N )  + 2  ( M × N × K )   ( 1 + 4  M j  + K  ( 3  ( M × N )  + 8 )  )   .






5. Performance Evaluation


In this section, we perform a comparative analysis between SCRE and SORE algorithms proposed in Section 4. First, these proposed algorithms are analyzed with respect to the most important factors, i.e., maximum association limit in case of SCRE and Wi-Fi leftover capacity in case of SORE. Then comparison is performed between SCRE and SORE by varying different network parameters.



Comparison: To the best of our knowledge, no other work has performed this comparison under these conditions, therefore, it is difficult to compare our results with any prior state of the art. Instead, we compared the two proposed schemes with a baseline case of no offloading and no cooperation. We performed this comparison to observe the increase in gain (in terms of average data rate) that each of these schemes offer with reference to the baseline.



We consider a small portion of macro cell with small cells with approximate radii of 70 m. A total of 15 small cells are uniformly distributed. All the presented results are computed with a 95% confidence interval by averaging over   10 3   different channel conditions. To simplify our computations, we calculate normalized data rates. Table 2 summarizes the values of the parameters used for evaluation. Different values of the network parameters have been used in simulations, as shown in Table 2, to represent variation in network conditions.



Figure 3 demonstrates the effect of increase in cooperation (number of small cells a user can associate itself with) on the achievable data rate per user and the consumed power per associated SBS per user. We consider 15 SBSs, 7 RBs and 5 users. We observe that with the increase in the associated SBSs, the achievable data rate per user increases. This increase is significant in the start (from    M j  = 1   to    M j  = 2  ) and gradually flattens. This indicates that after    M j  = 3  , there is not many resources (to increase achievable data rate) left in the system to be exploited by cooperation in this scenario. For practical scenario, its maximum value can be 3 or 4 as most of the SCs are surrounded by these many neighboring SCs. We also observe that the consumed power of each SBS per user decreases with the increase in association of the users. This decrease is as a result of being served by multiple SBS which distributes the power consumption between different SBSs. Please note that the algorithm is not violating the maximum power constraint of each SBS. Thus, cooperation increases the achievable data rate per user and decreases the power consumed per SBS per user.



Figure 4 presents the performance analysis of SORE algorithm for Wi-Fi offloading. Here users are offloaded to Wi-Fi network if they are unable to fulfill their data rate demand by connecting with single cellular BS. We consider 5 SBSs, 5 RBs and 20 users. We analyze the effect of changing the total leftover capacity of each Wi-Fi AP on the achievable data rates and transmission power of cellular network. It is pertinent to note that the improvement in performance reflects the amount of leftover rate of each Wi-Fi AP. If this amount is high enough then the users obtain higher partial data rates when offloaded to Wi-Fi network. We analyze achievable data rates of network at two different rate threshold values by increasing leftover capacities of each Wi-Fi AP present in the Wi-Fi network. The results indicate that by increasing the leftover capacity, the cellular UEs obtain better data rates. When the UEs data rate requirement is less, i.e.,   R  t h    equals to 50, then they are satisfied by the cellular resources only, as shown by the red dashed line. On the other hand, the consumed cellular power per SBS per user is not affected much with the increase in the Wi-Fi leftover capacity. Hence, the performance of SORE is mainly driven by the Wi-Fi leftover capacity; however, the power consumption per SBS per user is hardly affected.



Next, the simulation results in Figure 5 shows the effect of the increase in user density on the achievable data rate per user of SCRE and SORE in the SC network. We evaluate these results with 3 SBSs, 10 RBs and 100 bits/s rate threshold value. As the number of UEs increases from 5 to 30, a significant decrease in the achievable date of both SCRE and SORE is observed. This decrease in the achievable data rate is due to increase in the number of UEs without changing the resources present in the network, therefore reducing the resources per UE. For SCRE which is represented by a dashed magenta line in Figure 5, the QoS per user degrades and is similar to non-cooperative/Wi-Fi offloading scenario. However, as the density of the user increases, the QoS per user of cooperation achieves the QoS per user in non-cooperative/Wi-Fi offloading case. This is due to the of the maximum number of SBS to user association constraint. As the number of UEs increase, a UE cannot be associated with other SBS because each SBS can barely serve its own users, and there is no space left for cooperation. Similar to SCRE, the performance of SORE is significantly better than non-cooperative/Wi-Fi offloading case in a less dense network, whereas in a dense network the increase in QoS per user as compared to non-cooperative/Wi-Fi offloading case depends on the Wi-Fi leftover rate. In other words, if the Wi-Fi network is crowded, the leftover capacity that it can share with LTE UEs is less and thus the increase in data rate is less compared to a less crowded Wi-Fi network. The performance of SCRE is better as compared to SORE in a less dense environment. However, with the increase in the number of UEs, the performance of SCRE becomes worse than the performance of SORE. The performance degradation in SCRE as compared to SORE is dependent on the density of the Wi-Fi network (or the leftover Wi-Fi rate   L i  ). With higher leftover rates value, SORE performance becomes better. Thus, we can conclude that cooperation outperforms Wi-Fi offloading in a less dense network whereas Wi-Fi offloading is more advantageous in a dense SC network, provided there is sufficient leftover Wi-Fi capacity available. The percentage increase in rate of Wi-Fi offloading is 43% and of cooperation is 32% as compared to non-cooperative/Wi-Fi method. After executing both SCRE and SORE, the value of switching parameter for user density  β  is passed to SCO to perform switching. The performance of SCO is shown as a dotted green line which is better than the performance of either of SCRE and SORE. It also shows that for   β < = 10   (less dense network), it performs similar to SCRE and for   β > 10   (dense network), it performs similar to SORE.



Figure 6 shows the effect of increase in rate threshold on the QoS per user of SCRE and SORE. These results are evaluated using 10 UEs, 3 SBSs and 10 RBs. With the increase in rate threshold, the performance of SCRE increases significantly when the number of UEs in the network is less   ( N = 5 , 10 )  , whereas only a slight increase is observed for a greater number of users   ( N = 20 )  . However, the performance SORE is nearly constant with increase in the rate threshold. This near constant behavior indicates that the performance of SORE mainly depends upon the leftover Wi-Fi rate and not the rate threshold of UEs. SCRE outperforms SORE for higher QoS requirement, as associating with multiple SBS helps in using their resources (spectrum, power), which is more beneficial than using the leftover capacity of a single Wi-Fi AP. Thus, we can conclude that the performance of Wi-Fi offloading is mainly influenced by the Wi-Fi leftover capacity, whereas cooperation is more beneficial when the data rate requirement is higher in a less dense network. After executing both SCRE and SORE, the value of switching parameter for rate threshold  α  is passed to SCO that performs switching. The green dotted line in Figure 6 indicates that for   α < = 100   (lower data rate demand), the performance of SORE is better and for   α > 100   (higher data rate demand), the performance of SCRE is better. Hence, SCO switches to the better rate enhancement technique.



Figure 7 shows a relationship between average data rate per UE and total number of RBs per SBS used in network. We analyze cooperation while varying the number of UEs i.e.,   N = 10  , 20 and 30. For Wi-Fi offloading we consider   N = 20  . The rate threshold is 100 bits/s and 3 SBS are considered. An increasing trend is observed with the increase in number of RBs in both SCRE and SORE. Highest increase in data rate is observed for SCRE with N = 10 users. On the other hand, SORE still shows a significant increase with RBs.



These results are for ‘snapshot-based’ static load conditions and may not be representative of the real situation. However, this quantification of results for various network parameters provides useful insight on set of conditions for network offloading. As we have simulated both high density as well as low density networks under different traffic requirements, the general conclusions drawn from this study are still valid when we have dynamic traffic. It is true that offloading decisions cannot be based on per slot basis because it requires a lot of overhead, and a long-term approach is useful to make such decisions; however, the conditions to select offloading method remain the same.




6. Conclusions


Unlicensed accessed is one of the key enablers for 5G technologies as service requirements on licensed bands are becoming stringent and licensed bands alone ae unable to meet these demands. Co-existence studies for unlicensed and licensed bands are part of 3GPP Release 15 and other future releases that are trying to exploit unlicensed bands whenever infrastructure allows it. In this paper, we have presented a comparison between two rate enhancement strategies, i.e., SBS cooperation and Wi-Fi Offloading based on network parameters, such as user density and rate threshold. For this, we consider maximum rate joint optimization problem for user association, resource block allocation and power allocation for cellular UEs in cooperative communication scenario. However, for Wi-Fi offloading scenario, resource block and power allocation is considered along with the Wi-Fi leftover capacity. The results indicate when UEs are unable to satisfy their rate constraint, they can enhance their data rate using either of the two heuristics depending on the network condition. SBS cooperation (SCRE) is more beneficial in a less dense network where several UEs are likely to be present at the cell edge and when the average user data rate requirement is higher. Wi-Fi offloading (SORE) is more advantageous when the density of cellular UEs is higher and significant number of UEs are present in the Wi-Fi coverage. Moreover, an SCO algorithm is also proposed that optimally switches between SCRE and SORE depending on network conditions. Our results quantify the set of conditions when Wi-Fi unlicensed band and (licensed) intercell cooperation could be used to meet tough rate requirements from the data hungry services, such as video streaming.
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Abbreviations


The following abbreviations are used in this manuscript:





	AP
	Access Point



	BS
	Base Station



	CoMP
	Coordinated MultiPoint



	CS
	Coordinated Scheduling



	CSAT
	Carrier Sense Adaptive Transmission



	CSI
	Channel State Information



	JT
	Joint Transmission



	LAA
	License-Assisted Access



	LBT
	Listen Before Talk



	LTE-U
	LTE-Unlicensed



	MNO
	Mobile Network Operator



	NFV
	Network Function Virtualization



	QoS
	Quality of Service



	RB
	Resource Block



	RRH
	Remote Radio Heads



	SBS
	Small-cell Base Station



	SC
	Small-Cell



	SCO
	Switching between Cooperation and Offloading



	SCRE
	Sequential Cooperative rate enhancement



	SON
	Self-Organizing Network



	SORE
	Sequential Offloading Rate Enhancement



	UE
	User Equipment
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Figure 1. Transmission scenarios for data rate enhancement in SC network. 
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Figure 2. Switching Model Between Cooperation Communication and Wi-Fi Offloading. 
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Figure 3. Analysis of Rate allocation in Cooperation regarding Association. 
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Figure 4. Analysis of rate allocation in Wi-Fi Offloading regarding leftover rate. 
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Figure 5. Averaged Achievable data rates per user by changing No. of Total UEs in Cooperative Communication, Without Cooperative Communication and by taking 5, 10, 15 leftover capacity in Wi-Fi offloading and overall 3 SBSs. 
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Figure 6. Averaged Achievable data rates per user by changing Rate threshold values in Cooperative Communication and by taking 20, 40, 60 leftover capacity in Wi-Fi offloading and overall 3 SBSs, 10 UEs and 10 RBS. 
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Figure 7. Averaged Achievable data rates per user by changing No. of Total RBs using 10, 20, 30 UEs in Cooperative Communication and 20 UEs with 30 leftover capacity in Wi-Fi offloading and overall 3 SBSs. 
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Table 1. Explanation of Notations.






Table 1. Explanation of Notations.





	Notations
	Explanation





	I
	Set of SCs in a MC



	J
	Set of UEs in SCs



	   P  i j  k   
	Power in downlink from a SBS i to a UE j on a RB k



	   G  i j    
	Gain directed from a SBS i to a UE j



	K
	Vector with RBs



	   x  i j  k   
	Association of a UE j to a SBS i on a RB k



	   y  i j  k   
	Association of a UE j to a LTE SBS i on a RB k



	   z  i j    
	Association of a UE j to a LTE-U SBS i



	   σ 2   
	Noise power



	   γ  i j  k   
	Signal-to-interference plus noise of a UE j using a RB k of a SBS j



	   R  i j  k   
	Achievable data rate to a UE j using a RB k of a SBS i



	   R  j  c   
	Achievable data rate to a UE j using Cooperation



	   R  j  o   
	Achievable data rate to a UE j using Wi-Fi offloading



	   R  A  P i     
	Total rate of a LTE-U SBS i



	   R j  t h    
	Threshold Data rate for a UE j



	   M j   
	Threshold number of SBSs can serve a UE j



	   N i   
	Threshold number for UEs associated with a SBS i
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Table 2. Evaluation Parameters.






Table 2. Evaluation Parameters.





	Parameters
	Symbols
	Values





	Maximum power
	   P  m a x    
	23 dBm



	No. of SBSs
	M
	3–15



	No. of UEs
	N
	5–30



	No. of RBs
	K
	5–30



	Rate threshold
	   R  t h    
	50–300 bits/s



	Noise variance
	   σ 2   
	  1.0   × 10    − 15   



	Saved power of SBS i
	   Δ i   
	0.025 Watts



	Min channel difference threshold
	   v  t h    
	0.5
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