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1. Introduction

Enhanced ICIC (eICIC) for heterogeneous deployments is a new RAN1 work item for Rel-10 and a vast number of contributions on this topic have been submitted to the previous RAN1 meetings. In particular, several companies have presented simulations results highlighting situations where interference is a major concern. A way forward [1] was presented in RAN1 #61 which stated that for Macro- Pico deployment with/without range expansion schemes (scenarios 1 and 2, respectively), Rel. 8/9 power control schemes can be re-used for data and control channels on the uplink. For the downlink, in case of scenario 1, there are no problems w.r.t to control channel whereas Rel. 8/9 ICIC can be used for data channels. Furthermore, it was noted that in scenario 2, when the bias is high, serious problems exist and Rel. 8/9 techniques are not fully effective. In this document, we review some of these schemes and then discuss a proposal for a scheduling-based interference coordination scheme.

2. Macro NB and Pico NB

In general, co-channel deployment of Macro eNBs (MeNBs) and pico eNBs (PeNBs) typically differs from the HeNB-MeNB scenario for the following reasons -

a) Higher offload potential from MeNBs to PeNBs (as compared to cases to CSG Home eNB nodes).

b) Reduced probability of macro coverage holes.

Studies show that existing cell selection techniques would result in the MeNB being much more heavily loaded than the PeNBs. This is attributed to the smaller coverage area of the PeNBs (low TX power) as a result of which only few users are connected to them. In other words, due to the large difference in transmission power and antenna gain between MeNB and PeNB, UEs in the vicinity of a pico cell tend to associate with the MeNB instead of the PeNB. However, there are strong indications that performance may be further improved by using more optimal serving cell selection techniques, PeNB node TX power control, and other range expansion techniques.

For instance, [2] and [3] study downlink throughput performance considering different cell selection biasing techniques to preferentially offload users to the PeNBs. Results indicate the importance and challenges in optimizing cell selection bias techniques for traffic offloading in terms of performance, fairness. It is reported that the performance of cell selection techniques depend on factors such as density of PeNBs (hotzones), user distribution, channel conditions and interference. 

[4] presents performance results with no enhanced interference management for a selected subset of dense hotspot/hotzone scenarios based on two approaches namely; (a) Traditional RSRP-based user association in combination with different PeNB cell transmit levels and (b) Biased user association approach. It is observed that the first approach deals more effectively with dense hotzone scenarios, even without enhanced interference management. This is because in the latter approach, PeNBs tend to get assigned more users than they can actually serve at reasonable QoS.

In [5], performance for both uniform and non-uniform UE densities across the system with MeNBs and PeNBs is discussed. Specifically, the discussion compares RSRP-based cell-selection and other alternative cell-selection schemes based on range extension (RE) techniques. It is observed that traditional RSRP based cell selection provides significant performance enhancements in downlink and uplink while RE schemes significantly deteriorate in the absence of any inter-cell interference coordination (in terms of cell-edge UE performance).Finally it is suggested that hetnets with PeNBs should follow existing Rel-8 LTE based RSRP cell selection for its robust performance in different hotzone/hotspot deployment scenarios/TX power classes. 

[6] studies RE schemes to extend low power nodes coverage and cell-splitting gain and asserts that the resulting gain in performance gain is ambiguous if no interference mitigation scheme is used. Evaluation of the effects of resource partitioning shows that both the cell average and cell edge performance can be improved efficiently. Resource Partitioning (RP) modes considered are (a) Reuse-1: MeNB and PeNBs can transmit on all subframes; (b) Non-overlapping RP: MeNB and PeNBs transmit on non-overlapping subframes; (c) Overlap RP: PeNBs will transmit in all the subframes, while MeNB will be muted in some of the subframes. Overlap RP is demonstrated to be more beneficial than the Non-overlap RP and Reuse-1 scheme. The paper suggests that in a heterogeneous deployment, only the MeNB needs to be muted.
[7] studies performance gain due to increased footprint of low power nodes and enhanced interference management under different assumptions of path loss modelling (NLOS vs. LOS), vertical antenna downtilt configuration, fast fading models, scheduling choice (EGoS vs. PF). Here the conventional co-channel deployment is compared to techniques for increased footprint of low power node (LPN), combined with enhanced interference management via resource partitioning among cells and cooperative silencing. It is found that increasing the footprint of low power nodes, compared to conventional co-channel deployment, has higher performance gain at cell edge and average UE throughputs. Additionally it is observed that conventional deployment is more sensitive to various channel modeling assumptions. Further study is required to understand the benefits of the latter technique and the traditional technique with power control.

[8] suggests that range extension, as a cell association strategy, should be studied for network load balancing with backhaul consideration. Traffic load should consider both full-buffer and non-full buffer cases, which is more realistic, in order to better understand the realistic gain due to range extension.

Concerns are raised in [9] regarding unintended outages that result from some of the proposed cell association enhancements for heterogeneous networks. 

Downlink performance results of MeNB-PeNB deployment with fast fading model with frequency allocation and PeNB TX power control is presented in [10]. Two frequency allocation schemes considered are:(a) Reuse-1 – MeNB and the PeNB share the entire frequency band; (b) Reuse-2 – MeNB and PeNB occupy non-overlapping parts of the frequency band. An observation from this paper is that impact of the increase of PeNB transmit power on cell-average performance is not obvious under Reuse-2 scheme. Also under Reuse-1 scheme with increase in power of PeNB cells, more UEs get connected to them thereby helping cell-average performance. However, as more PeNBs are added to the system, the interference becomes more chaotic and affects cell throughput.

[11] presents downlink and uplink performance results assuming plain co-channel deployment of MeNBs and PeNBs in a 10 MHz system bandwidth with and without any explicit interference coordination (frequency partitioning). Two schemes for cell are considered – (a) Traditional RSRP-based; and (b) RSRP-based with bias to PeNBs. The work suggests that use of dynamic adjusting of PeNB TX powers, use of biased cell selection, and use of soft/hard frequency reuse for data channels may provide benefits in terms of interference levels, and help ease the deployment of PeNB nodes without strict network planning. 

[12] provides evaluation of transmit power control and fractional frequency re-use in MeNB-PeNB scenarios. It shows that reduction of MeNB power is helpful for cell-average performance but may result in performance losses for cell-center PeNB deployments. Additionally, it is concluded that for 3GPP case 1, reduction of MeNB TX power is preferred. And increasing PeNB TX power is preferred for 3GPP case 3.  Additionally, [13] suggestx that SFR-based ICIC is found to help both cell-edge and cell average throughput performance. And PFR-based ICIC may result in the reduction of cell-average throughput, although it can improve the performance of cell-edge throughput. The paper finally asserts that, at least for the scenarios considered so far, Interference Coordination techniques supported in Release 8 and 9 seem to be adequate for data channel ICIC.

An SIC-based interference mitigation scheme is suggested in [13] that cancels the interference from M-UE to the HeNBs/PeNBs in the uplink. This scheme is shown to achieve higher data rate than fractional frequency reuse (FFR) schemes. The same concept can be applied to M-UEs to cancel downlink interference from HeNBs/PeNBs. It may be noted that in order to decode data coming from interfering cells, the SIC receiver requires control information (resource region, RNTI etc).

[14] evaluates frequency domain resource partitioning between MeNBs-PeNBs and suggests that synchronizing muted frequency RBs among cells is possible by signaling RNTP and HII among macro-eNBs. Additionally, time domain resource partitioning is addressed where it is cited that signaling for time domain ICIC needs to be addressed in Release 10 mandating definitions for time domain RNTP and HII. 

Time synchronization between PeNBs and MeNB is critical for TD resource partitioning and this may be achieved by receiving a downlink signal from the MeNB at the PeNB. In a time-unsynchronized network among macro-cells, synchronizing the muting time among macro-cells might be challenging, which would reduce the gain from range expansion.

3. Cognitive Interference Management for Macro-Pico Deployments
We propose a dynamic resource (in terms of time and frequency resource units) allocation scheme for interference management where the MeNB and PeNBs are allocated transmission opportunities by considering the traffic load and the potential to cause interference at each others’ UEs.

The first step in our approach is to identify the potential victims of interference. Without loss of generality, we consider only interference within the same cell. All UEs in the cell is classified as Safe or Victim with respect to each MeNB/PeNB (other than its serving MeNB/PeNB) in the cell. A UE is considered to be ‘Safe’ w.r.t to a particular MeNB/PeNB if the latter is not capable of causing significant interference at the UE under consideration. A UE that is receiving strong interference from the MeNB/PeNB is tagged as a ‘Victim’ w.r.t that specific MeNB/PeNB.

This classification is done at the MeNB/PeNB based on feedback received from the UEs, which measure the signal strength (RSRP) from the interfering MeNB/PeNBs and report back the information (along with the respective MeNB/PeNB identifiers). Having processed this feedback, the MeNB/PeNB is able to identify the potential interfering MeNB/PeNB(s) for each of its UEs. This information is then exploited during allocation of resources to each MeNB/PeNB such that it is allowed to transmit using resources that are orthogonal w.r.t to its Victim UEs. Assuming that resource R1 is allocated to, say PeNB1, then the same resource could be allocated to PeNB2 provided that none of its UEs are victims of PeNB1. The MeNB itself could use the same resource for its UEs that are safe from interference w.r.t PeNB1 and PeNB2. In this way, interference can be minimized given that the MeNB/PeNBs are using mutually orthogonal resources in time and frequency w.r t. their victim UEs. A ‘softer’ form of orthogonal allocation of resources can be also realized by appropriately setting their priorities in the scheduler that operates based on proportional fairness criteria. The schedule priority of time/frequency resources used by MeNB/PeNBs can be set lower to avoid possibly strong interference from PeNB to interference sensitive UEs.
As an example, consider the cell shown in Figure 1a. In this scenario, there are two PeNBs in the cell and a number of UEs, of which 3 are being served directly by the MeNB whereas each PeNB is serving a UE. The UE classification table for this scenario is shown in Figure 1b. Each of the 5 UEs is labeled as Victim or Safe w.r.t to MeNB, PeNB1 and PeNB2 respectively. For example, MUE2 is a victim of PUE1 whereas MUE2 is a Victim of PUE2. Similarly, PUE1 is a Victim w.r.t MeNB. On the other hand, PUE2 is safe from both MeNB and PeNB1.
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	Fig 1a: Example Scenario
	Fig 1b: UE Classification


Note that the implementation of the aforementioned scheme requires coordination between MeNB and PeNBs. Many proposals have already been made in this direction, such as OTA signaling, use of X2 interface. In order to reduce signaling overhead, the PeNB gateway can aggregate the interference feedback received from the PeNBs deployed in a particular macro-cell and relay the same to the corresponding MeNB. UEs that are attached to PeNB are expected to be stationary or nomadic; hence the interference from MeNB and other PeNBs will not change much over time. This will reduce the rate at which interference-related information needs to be shared with the MeNB. 
4. Conclusion

The need for interference management for heterogeneous deployments, particularly when PeNBs are in use, has been articulated in many RAN1 contributions. Hence, there is a need for eICIC in such cases, where Rel8/9 based techniques may not be adequate. In this context, several schemes have been proposed which we have reviewed here. 

A scheduling-based interference management scheme has been proposed in this contribution which relies on classification of UEs on the basis of received interference from other in-cell nodes other than the serving MeNB/PeNB. This approach allows orthogonalization of resources being used in the macro- and pico-cells and thus, reduces interference. This scheme requires exchange of information between MeNB and PeNBs which can potentially be done over an X2 interface.
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