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1. Introduction

During RAN3#75bis a number of solutions were presented for the problem of UL interference mitigation between macro and pico eNBs. The solutions descriptions were presented and agreed in [1].
The list of solutions available so far is presented below:
Solution 1a.
OI from Pico to Macro + historical scheduling information in Macro

Solution 1a1.
OI from Pico to Macro + static scheduling of MUE 

Solution 1b.
MUE & Pico location 

Solution 1c.
MUE sending a random access preamble to be detected by the non-serving Pico 

Solution 1d.
Uplink channel sounding (i.e. SRS meas.) of MUE detected by non-serving Pico eNB

Solution 1e.
Uplink MUE DMRS sounding detected by non-serving Pico eNB

Solution 2a.
Pico (re)scheduling the interfered PUEs to other resources (same or different carriers)

Solution 2b.
Reuse existing power control mechanisms at Pico

In view of the coming conclusion of the Carrier Based HetNet ICIC WI it is believed that RAN3 shall focus on down selection of solutions feasible to address the UL interference problem. With this objective in mind, this paper proposes a way forward for solutions down selection.

2. General Principles for Solution Selection
Several evaluation criteria have been listed for the analysis of solutions currently available. However, it is the authors understanding that a solution for the problem of UL interference mitigation shall fulfil the following criteria with the highest priority:

1) Solution Robustness: the solution shall lead to non-error prone actions and to an efficient mitigation of Macro-Pico UL interference
2) Solution Scalability: the solution shall perform efficiently in all possible HetNet scenarios, independently of number of interferers, cell load, cell density or resources availability

If such requirements are not fulfilled there would not be enough benefit for standardising a solution for this problem. Hence the following observation can be captured:
Observation 1: A solution for the problem of UL interference mitigation shall fulfil the following criteria with the highest priority: 
· Solution Robustness

· Solution Scalability

3. Solutions Analysis

A description of the main pros and cons of the solutions currently available is presented below.

· Solution 1A:

This solution is based on the reuse of the UL Interference Overload Indication IE. 
Solution 1A proposes to enhance such IE with timing information informing the receiving eNB about the subframe timing within which interference is experienced. 
This solution has the advantage of being low in complexity, despite requiring an eNB to store scheduling information for each UE, which is currently not required. However, the solution appears not to fulfil the two criteria mentioned in section 1, namely “Robustness” and “Scalability”.
Robustness analysis: The UL Interference Overload Indication IE is a record of the overall interference experienced in a cell by the sending eNB. As already pointed out in [2] this solution is not able to distinguish in which neighbour macro cell the interfering MUEs reside. Therefore, the receiving eNB may take an erroneous rescheduling action on non interfering served MUEs previously scheduled on PRBs where non-served interfering MUEs were also scheduled. This drawback is described in Figure 1.

Scalability analysis: As a consequence of the identification errors described above, the solution appears not to be scalable. In fact, as the number of interfering MUEs increases and/or traffic density in macro cells increases, there is a higher and higher likelihood that the interfering MUE identification is subject to error and that an erroneous corrective action is taken. 
Figure 1: Erroneous interfering MUE detection in solution 1A and 1A1

· Solution 1A1:

Solution 1A1 is based on a principle similar to that of solution 1A, but with the difference that no timing information is provided. Instead, the solution proposes that, for the whole duration of interfering MUE identification, potentially interfering MUEs are permanently allocated one or more PRBs. Namely the PRBs allocated to each potentially interfering MUEs cannot be used by any other UE during the whole interferer identification period.
Robustness analysis: The solution is subject to the same identification errors as solution 1A. However, the situation appears to be more aggravated by the permanent allocation of PRBs to potentially interfering MUEs. For example, an interfering MUE could be transmitting bursty traffic, resulting in interference affecting PRBs only on certain subframes. Despite this MUE interferes with the Pico eNB, the interference averaging applied in the OI calculation may result in no interference being recorded. This may prevent the adoption of corrective actions.  
Also, a wrong corrective action may be triggered if the PRBs assigned to potentially interfering MUEs are also interfered by MUEs connected to different macro neighbour cells.
Scalability analysis: The same issues affecting solution 1A impact the scalability of solution 1A1. However, this solution appears to be less scalable because for each potentially interfering MUE the Macro eNB needs to “freeze” a certain number of PRBs. As a consequence, if the number of interfering MUEs increases, the solution becomes less efficient due to the fixed allocation of potentially high numbers of PRBs for the whole duration of the interferer identification process with a significant impact on cell resources efficiency usage. This is shown in Figure 2.


Figure 2: Scalability aspects affecting solution 1A1
· Solution 1b:
As it was pointed out in a number of contributions at the last meeting this solution is based on the assumption that interfering MUE can be located via positioning techniques and that the MeNB is able to have access to the location information of such MUE. However, due to the decoupling between the network architecture supporting positioning and the RAN architecture involving eNBs, availability of location information at eNBs cannot be assumed.
This solution is therefore not feasible.
· Solution 1c, 1d and 1e:
These solutions are grouped together because they provide the possibility of uniquely identifying the interfering MUE, therefore making the solution robust. At the same time, due to the unequivocal identification of interfering MUEs, the solutions are scalable as they allow the Macro eNB to reconfigure resource allocation only for the UEs causing interference without major loss of resources for MUE identification purposes.
Solution 1c proposes that the victim Pico eNB detects a preamble transmission from the interfering MUE on the Macro cell PRACH. The victim Pico eNB sends information about the detected preamble to the Macro eNB that allows the Macro eNB to identify the interfering MUE. 
Solutions 1d and 1e are based on similar concepts, i.e. detection at victim Pico eNB of a signalling pattern sent by interfering MUE. Such signalling can either be the SRS signalling or it can be the DMRS signalling. 

Note that solutions 1c, 1d, and 1e do not require time synchronisation between aggressor and victim cell even though the MUE would be synchronized to the Macro eNB. If MUE signalling configuration is provided to victim eNB, the victim eNB’s receiver can independently scan for MUE UL signalling. In addition, the PRACH is designed to cope with a lack of synchronisation between a UE and an eNB. 
Robustness analysis: Robustness of these solutions depends on whether the UL signalling transmitted by interfering MUE is detected by victim Pico eNB. The transmission power of this UL signalling would be based on the path loss from the interfering MUE to the Macro cell. Detection by the victim Pico eNB is facilitated by the smaller path loss from the interfering MUE to the Pico cell. Nevertheless, it may occur that detection of the UL signalling at Pico eNB is not successful, in which case the UL signalling can be retransmitted.  However, in the case of the SRS and DRMS solutions such signalling is anyway likely to be present, therefore, retransmission does not add any overhead. In the case of the PRACH based solution, the signalling takes a relatively low amount of resources. 
When interfering MUE detection is completed, these solutions allow for maximum flexibility in terms of dealing with the interference because the Macro eNB handles the source of the interference. Due to the likely case of Macro eNBs supporting more carriers than Pico eNBs, the interfering MUEs can be moved to non-interfering resources. If the interference is due to SCell data transmission, the macro eNB can simply reallocate the MUE’s SCell to a more suitable carrier. Therefore, the use of the Macro eNB to deal with the interference provides the most effective method with respect to carrier utilization.
Scalability analysis: These solutions should be scalable because the time-frequency resources used for MUE detection can be shared by multiple MUEs and because of the high flexibility afforded by the use of the Macro eNB to handle the source of the interference. Even though the number of identification processes increases with the increase of potentially interfering MUEs, the possibility of identifying such UEs within short time windows and eliminating the source of interference makes the solutions reasonably efficient.

· Solution 2a and 2b:

These solutions are based on the principle of not removing the source of interference and letting the interfered Pico eNB address the interference created by non-served UEs. 

Solution 2a is based on Pico (re)scheduling the interfered PUEs to other resources (same carrier or different carriers). The victim Pico eNB identifies the resources on which PUEs are interfered in UL. Such resources are avoided for a certain time duration, which is the result of an estimation run by victim eNB about the time duration of interference.

Solution 2b re-uses Release 8/9 power control mechanisms to overcome the UL interference caused by MUEs. That implies that PUEs affected by interference will be commanded to increase their Tx power. In particular, this solution foresees an increase of the “P0” reference power for PUEs.

Despite a still valid list of concerns on these solutions was presented in [3] the following observations can be made concerning robustness and scalability.

Robustness analysis: Solutions 2a and 2b are not prone to errors in identification of source of interference because they are not based on such identification. Therefore the solution is intrinsically robust in identifying the PUE affected by UL interference. However, the solutions appear not to be robust in the mechanisms aimed at addressing the interference problem. 
Solution 2a proposes to reschedule the interfered PUEs on non interfered resources. However, due to the unaddressed presence of interfering MUEs it is questionable whether there are sufficient resources available to reschedule all interfered PUEs. Support for limited number of carriers at Pico eNB might play an important role in the robustness of the corrective actions. In addition, this solution presupposes that interfering MUEs will be consistently scheduled on a specific set of resources so that the Pico eNB can avoid scheduling PUEs on those resources. Most commonly, however, the Macro eNB scheduler would not restrict resource assignments for particular MUEs unless it has defined resources subject to interference using HII. However, the HII mechanism can only be applied to an MUE if that MUE can detect the Pico cell. Otherwise, the Macro eNB does not know when to restrict the MUE’s assignments to HII resources. 
Solution 2b lacks of robustness when inter cell interference caused by increased PUE Tx power is considered. Such increase of power is in fact not negligible, especially in light of the mixed UE release scenarios described in [3], where an earlier-release MUE may be closer to the Pico cell than a later-release PUE.   In [4] it was already shown how inter cell interference from PUEs to Macro eNBs and between neighbour Pico eNBs can have a predominant role in dense Pico cell deployments. 
Therefore, despite increasing PUE Tx power to overcome UL interference is a simple option requiring a minimum amount of standardisation work, the effectiveness of such solution is very limited given the impact on UE power consumption and on increased levels of interference generated.
Scalability analysis: Solution 2a and 2b, due to the lack of elimination of interfering MUEs, appear to scale very poorly. With the increase in number of interfering MUEs a victim Pico eNB will either run out of interference free resources (as shown in Figure 3) or will need to require a considerable increase in Tx PUE power, which in turn will adversely impact PUEs and other neighbour cells. Therefore these solutions appear to provide little efficiency in cases of dense HetNet or in cases of high peaks of interfering MUEs.

Figure 3: Scalability aspects affecting solution 2A

4. Conclusion

In this paper general principles for the evaluation of UL interference mitigation solutions are captured. The following observation concerns the principles believed as relevant:
Observation 1: A solution for the problem of UL interference mitigation shall fulfil the following criteria with the highest priority:

· Solution Robustness

· Solution Scalability

The paper analyses the solutions currently available and assesses each of them in terms of robustness and scalability. The result of the evaluation is captured in the following proposal:

Proposal: Due to the higher robustness and scalability of solutions 1c, 1d and 1e it is proposed to select these solutions out of those available and to filter out the remaining ones. 
Further down selection can be performed upon liaising relevant RAN groups.
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