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1
Introduction 

Heterogeneous networks (HetNets) have been added to the scope of the LTE-A study item [1]. An introduction to HetNets and their relation to ongoing LTE-A work was provided in [2]. As mentioned in [2], enhanced serving cell selection is an important technique in the context of heterogeneous networks. In existing macro deployments, a UE is typically served by the cell with the strongest received power. Enhanced cell selection refers to cell selection algorithms which depart from this principle. In this contribution, we provide more details about different serving cell selection algorithms and their corresponding benefits.

We also point out that while the cell selection algorithm has a dramatic impact on network performance, the direct specification impact is relatively limited. The reason for this is that cell selection in LTE is determined by the network and as a result the actual cell selection algorithm will not be part of the specification. As a result, the direct air-interface impact is likely to be limited to ensuring that the appropriate cell selection metrics are available at the entity carrying out the cell selection determination. However, other changes (in particular interference coordination for data as well as control channels) are needed to ensure that the network can operate in a robust and efficient manner once such non-standard cell selection algorithms are utilized. Further discussion of such techniques is provided in [3].

2
Discussion

In existing macro deployments, a UE is typically served by the cell with the strongest received power. As mentioned in the previous section, we define enhanced cell selection as cell selection algorithms which depart from this “strongest cell” principle. 

We can envision several scenarios in which such “non-standard” serving-cell selection algorithms could be employed:

1) Connecting to a cell other than the one with the strongest received power due to a CSG constraint (HeNB case). 

2) Range expansion: Connecting to a cell with low transmit power even when it is not the strongest cell, so as to expand the footprint of the low-power node. This is applicable, for example, to mixed macro-pico and mixed macro-relay deployments.

3) Weak backhaul link: In some cases, it is beneficial to have a UE not connect to its strongest cell, if that cell has weak backhaul link quality. Such an algorithm is most applicable in the case of relay nodes, but can also be beneficial in the case of nodes with wired backhaul such as pico cells or hybrid femtos. Hybrid femtos in particular  rely on consumer grade backhauls which may be quite bandwidth limited and/or unreliable.

We elaborate further on each of these cases in the following subsections.

2.1 HeNBs with CSG

This is the simplest case in which the cell-selection algorithm is not really “enhanced” but rather forced upon the UE since its strongest cell does not allow the UE to access. The reason we mention this case here is that technically this is also departing from the “strongest cell” principle.

2.2 Range Expansion

 In deployments containing both high-power (macro cells) and low-power (e.g., pico cells or relay nodes) cells, the standard “strongest cell” algorithm results in the pico/relay footprint being limited by interference from the macro cell, as a consequence of which very few UEs benefit from the presence of the low-power node. It is therefore beneficial to have a UE connect to a pico cell even when it is not the cell with the strongest received power. We refer to such a cell-selection technique as range expansion of the low-power node. 

Range expansion based cell-selection results in many more UEs being able to connect to the low-power node, thus offloading traffic from the macro network.  Moreover, multiple pico cells can simultaneously utilize the bandwidth once macro interference is removed, thus achieving true cell-splitting gains. 

2.3 Backhaul Quality
As mentioned earlier, it is beneficial to have a UE not connect to its strongest cell if that cell has weak backhaul quality. This is particularly applicable in the case of relay nodes since these use over-the-air backhaul communication which is subject to fading, interference variations, macro loading changes etc. However, cell selection based on backhaul quality can also be valuable in the case of other nodes such as pico cells and hybrid femtos. As mentioned above, the case of hybrid femtos is particularly interesting since these nodes will use consumer-grade backhauls. 

Simulation results using backhaul-based cell-selection for the case of relay nodes were shown in [4]. The “advanced L3” relay simulations in this document rely on both range expansion as well as backhaul-based cell selection. It is seen that without the use of these techniques, capacity gains due to the deployment of relay nodes are highly sensitive to channel modeling assumptions. Once range expansion and backhaul-based cell selection are applied, we see that relays offer significant throughput gains irrespective of the channel model. Moreover, it can be seen that advanced L3 relays offer significant gain as compared to simple L3 relays irrespective of the channel model. 

Cell selection based on projected data rates is used in these simulations. In particular, we estimate the data rate that a UE can expect to receive by connecting to a relay node and compare it with the data rate that it can expect to receive by connecting to the macro cell. The final cell-selection decision is based on a comparison of these two data rates. The exact equations used in the cell-selection algorithm can be found in [5].

3
Numerical Results

Here we provide some simulation results to further demonstrate the importance of serving cell selection, in combination with coordinated interference management, in heterogeneous networks. Similar to [7], in the context of edge user performance enhancement, we focus on equal grade of service (EGoS) scheduling instead of PF scheduling. Configuration #1 (uniform dropping of UE and hotzone cells) [8] is shown. Compared with [7], the simulations here have the following updates:

· Vertical antenna as defined in the Appendix of TR 36.814 [8] is enabled, where the electrical antenna downtilt 
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· In addition to the Macro only and co-channel scenarios, two scenarios are simulated representing different combinations of serving cell selection and interference coordination techniques:

· Static serving cell selection via range expansion with a bias of 25dB towards the hotzone cells, but adaptive interference coordinations via time-domain resource partitioning (ARP) among cells 

· Adaptive serving cell selection and adaptive resource partitioning (AARP)

Adaptive resource partitioning is an iterative and distributed algorithm to coordinate resource usage among nodes within a neighborhood.  At each iteration, each node tries to improve a neighborhood performance metric by evaluating step-wise changes in the resource usage profiles of itself and its neighbors, and then selects the change that results in the largest increase in the neighborhood performance metric and applies that change through negotiation with its neighbors.  The neighborhood performance metric in this algorithm can be viewed as a generalization of the scheduler metric that is used for scheduling decisions at the individual nodes.  Adaptive association extends the above algorithm by also considering and evaluating potential hand overs of different users, and then selecting and negotiating the one (if any) that results in the largest improvement in the neighborhood performance metric.


The following figure presents UE throughput CDF for macro only and co-channel deployments. The performance gain resulting from using the “strongest cell” serving cell selection under co-channel deployments. It can be seen that while there is significant throughput improvement for a small percentage of UEs, there is only marginal improvement in tail and median UE throughputs.   
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Figure 1 UE throughput CDF for macro only and co-channel deployments
Figures 2 and 3 show UE throughput CDF via enhanced serving cell selection and coordinated interference management. Both schemes provide more substantial gain in tail and median UE throughputs. More specifically, 25% (48%) and 88% (120%) gain has been observed with 4 hotzone cells per macro cell for tail and median UE throughput, respectively, for the range expansion and ARP case (AARP). This is in contrast to 6% and 13%, respectively, for the co-channel case. Compared with the fixed UE assocation via range expansion, the adaptive association scheme offers enhanced cell edge and median UE throughputs with a slight impact on high-end UE throughputs.
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Figure 2 UE throughput CDF for range expansion and adaptive resource partitioning
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Figure 3 UE throughput CDF for adaptive association and resource partitioning
4
Enabling Techniques

We have looked at several examples of enhanced cell-selection algorithms and the corresponding performance gains in the preceding sections. As pointed out earlier, since LTE uses network-based cell selection, the exact cell selection algorithms will not be part of the specification. As a result, the direct air-interface impact of this technique is limited to ensuring that the appropriate metrics are available to the network entity carrying out the cell selection decision.We can think of two aspects to this work:

1) Ensuring that existing measurements such as RSRP and RSRQ are carried out for the weak cells which may become serving cells in heterogeneous deployments. The trigger mechanisms for these measurements should be examined to ensure that they are available when needed. This work could be carried out in RAN4 as well.

2) Identification of other metrics that may be beneficial in heterogeneous deployments. Metrics that we have already identified above include cell loading and backhaul quality. Once appropriate metrics have been identified, standardization and exchange of these metrics among the candidate cells could be carried out by RAN2/3. 

The end-result of any of these cell-selection algorithms, however, is that the UE is served by a cell with much lower received power as compared to its dominant interferer. In other words, the UE operates at highly negative geometries.  Geometry cdfs for some of these deployments are shown in [6]; geometry values below -20dB are seen in many cases, and geometry values  below -10dB are quite common. Interference coordination techniques for data as well as control channels are essential in order to enable robust operation in such an environment. Further elaboration on these interference coordination techniques can be found in [3].
5
Conclusions
In existing macro deployments, a UE is typically served by the cell with the highest received power. In this document, we have seen several examples of enhanced cell-selection algorithms which depart from this principle, along with the corresponding performance results:

· UE is not able to connect to its strongest cell due to a CSG constraint (HeNB case).

· It is preferable to have a UE connect to a low-power (pico/relay) node even when it has significantly lower received power as compared to a high-power (macro) node. This enables traffic off-loading to the low-power nodes and achieves true cell-splitting gains in the network. Simulation results with a particular cell selection and resource partitioning algorithm were shown which demonstrate that median UE throughput can increase by upto 5x when range expansion is employed with 10 pico cells/macro; while the median throughput increase is limited to only 37% without the use of range expansion.

· It is sometimes beneficial to have a UE not connect to its strongest cell if that cell has weak backhaul quality. This is particularly relevant in the case of relay nodes, but can also be utilized for other types of nodes with uncertain backhaul quality, such as pico cells or hybrid femtos.

We also looked at the techniques needed to enable these algorithms. In particular, since cell selection in LTE is network-based, the direct air-interface impact of this technique is limited to ensuring that the appropriate metrics are available to the network entity carrying out the cell selection decision. We identified two aspects to this work:

1) Ensuring that existing measurements such as RSRP and RSRQ are carried out for the weak cells which may become serving cells in heterogeneous deployments. This work could be carried out in RAN4 as well.

2) Identification of other metrics that may be beneficial in heterogeneous deployments. Metrics that we have identified above include cell loading and backhaul quality. Once appropriate metrics have been identified, standardization and exchange of these metrics among the candidate cells could be carried out by RAN2/3.

Finally, we noted that these cell-selection metrics result in the UE connecting to cells with very low geometries. Robust operation in such environments requires the use of interference management techniques for control as well as data channels. Further elaboration on these interference coordination techniques can be found in [3].
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