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1   Introduction
In [1] a discussion was started on what CSI measurements entail and what are the challenges raising from unregulated CSI IM configurations in Inter eNB CoMP. 
In [1] it was concluded that CSI coordination is only feasible for clusters of up to 3 cells because an increase of the coordination cluster to higher than 3 cells would imply a very high loss in spectral efficiency. Indeed, such issue was discussed in RAN1 during the study on Inter eNB CoMP, where the simulations run to justify continuation of the work were based on a maximum of 3 CSI IM processes per cell in a 3 cells coordination clusters (and spectral capacity losses due to CSI coordination of about 7%). Such simulations can be seen in [2]. The results of RAN1 discussions led to the following conclusion supported by 18 companies, which constituted the basis for approval of continuation of work on CoMP in RAN plenary (see [4]):
“Even though RAN1 and RAN3 are making progress, the co-sourcing companies would like to emphasize the fact that the following signaling, which was shown to provide significant performance improvement [3, 5] and was supported by very large number of companies, could not be agreed in RAN1#76bis due to objection of small number of companies.”

In this contribution a summary of the issues associated with high numbers of CSI IM per cell is provided and the arguments raised during RAN3#87, preventing an agreement on the limit to CSI IM processes per cell, are addressed.

2   Summary of the issues with high numbers of CSI IM
In [1] the figure below was presented to explain the issue with CSI RS resource allocation and limitations on CSI IM processes per cell. Here three cells are considered in the CoMP cluster. 
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Figure 1: Example of CSI RS resource configuration for a cluster of 3 CoMP cells

With respect to Figure 1, it should be reminded that a CSI process consists of allocation of Non Zero Power (NZP) CSI RS resources, Zero Power (ZP) CSI RS resources and a CSI-IM resource. The NZP CSI-RS consists of a number of resources that are proportional to the number of antenna ports. For 2 ports, the NZP CSI-RS consists of 2 RE. The ZP CSI-RS is flexible and can consist of 2 RE up to all 40 RE in a subframe and the CSI-IM consists of a block of 4 Resource Elements (REs).

In Figure 1a the 3 NZP CSI RS resource configuration needed in a 3 cell cluster is shown. If these eNBs have two TX antennas each, each NZP CSI-RS consume 2 RE in a subframe. These NZP CSI-RS are then matched with a ZP CSI-RS in the adjacent cells. Hence, 4 RE ZP CSI-RS are used in each cell for this purpose. 
In Figure 1b the 7 CSI-IM resource allocation needed in a 3 cell cluster is shown. These CSI-IM use 4 RE each and is thus overlapping with a ZP CSI-RS resource. 
Note that these allocated CSI RS resources have different purpose and must be carefully planned in a coordination cluster since they cannot overlap with each other.

The above leads to the following resource allocation for a 3 cell CSI RS coordination, where the left figure shows the REs allocated in one PRB pair, while the right figure shows the overall amount of REs allocated in one subframe.
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Figure 2: Example of CSI-IM resources needed in a 3 cells CoMP cluster

It was explained in [1] that according to TS 36.213, all CSI-IM configured to a UE for measurements must be configured within the same, single subframe. Namely, if any combination of the CSI IM configurations seen above needs to be measured, such measurements have to be taken within one and the same subframe. This has the consequence that there will be a limit on the CoMP cluster size and flexibility since CSI-IM cannot be spread out over multiple subframes. 

It is however a benefit to take all CSI IM measurements at the same time because this allows to monitor interference levels for each neighbour cell and it enables a reliable Calculation of CoMP Hypothesis and Benefit Metrics at one time instant.
 
Observation1: The CSI-IM configuration restriction (TS 36.213) implies that CSI RS resources for any combination of the cells in the coordination cluster need to be fitted in one subframe.
 
Failure to comply with the CSI-IM configuration restrictions in 36.213 would imply that when a UE is configured to take CSI measurements, the UE can provide only partial information about cross cell interference and therefore it cannot efficiently help determining what CoMP Hypothesis is the most appropriate. This would lead to a reduction of CoMP benefit of which magnitude has not been analyzed in 3GPP.
Note that even for a small CoMP cluster as in Figure 2, the overhead due to reserved CSI-RS resource is quite remarkable, which needs to be compensated by a large CoMP gain if the feature is to be useful. If a cluster of 4 cells is considered as in Figure 3, the overhead will be even more severe. Moreover, it would be impossible to fit all CSI-IMs in the same subframe, as required. Therefore, the only solution is that CSI IM resources for such cluster of 4 will need to be split into two parts, across several subframes. This solution, apart from being subject to high capacity losses, is also inefficient for use in eCoMP since UEs needs to be grouped and assigned to one of the measurement subframes. 
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Figure 3: Example of CSI IM configurations for a 4 cells cluster

As stated, the only way to allocate CSI IM resources for the processes shown in Figure 3 is that of splitting CSI IM resources on different subframes. Let us assume, for example, that all the CSI IMs where cell “P” is off as well as one block of NZP CSI RS resources (there is the need of one more NZP CSI RS resource with respect to the 3 cells cluster) are located on a new subframe, as shown in Figure 4.  Figure 4 therefore represents the CSI RS resources needed for the cluster of 4 cells shown in Figure 3 and where resources have been split between 2 contiguous subframes.
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Figure 4: Example of CSI IM resource distribution across different subframes
From Figure 4 it can be seen that a UE configured with a CSI process will be able either to collect CSI IM measurements where cell “P” is transmitting (first subframe) or where cell “P” is not transmitting (second subframe). The possibility for a UE to collect measurements where cell “P” is on and off at the same time is not possible. This is a fundamental issue in the context of eCoMP, where interference from different cells in the cluster needs to be monitored in order to derive an appropriate CoMP Hypothesis. Namely, given that a UE will be able to measure only a limited subset of CSI IMs within one measurement configuration, a reliable calculation of the CoMP Hypothesis and Benefit Metrics would not be possible. 
Observation 2: CSI RS coordination in clusters larger than 3 cells does not allow for full collection of CSI IM measurements and does not allow a reliable calculation of CoMP Hypotheses and Benefit Metrics in eCoMP
Also, another critical issue is that CSI measurements are collected frequently, e.g. every 5ms. Therefore, as seen in Figure 4, nearly 2 complete subframes will have to be allocated to CSI IM resources every 5ms. In the case of a 4 cells CSI coordination cluster where 3PDCCH symbols are used (grey resources), 16 REs are used for CRS for 4 TX (blue resources), 24 REs are used for DMRS (yellow resources), the resources available for data channels per RB pair are: (12carrier*11timeslots-16-24)REs = 92REs per RB pair.

The overall resources to be allocated for CSI RS processes in a cluster of 4 cells are ~ 17% of overall capacity
Observation 3: CSI RS coordination in clusters larger than 3 cells implies very high losses in capacity
Such high price in capacity loss was not the basis on which RAN1 agreed to carry out the work on Enhanced Signaling for Inter eNB CoMP. RAN1 agreed on the continuation of work in Inter eNB CoMP purely on the basis of simulation results shown in [2] taking into account capacity losses for a maximum of 3CSI IM per cell.
Conclusion 1: The work on Signalling Enhancements for Inter eNB CoMP was based on the assumption of a maximum of 3 CSI IMs per cell. Higher numbers of CSI IMs imply unreliable calculation of CoMP Hypothesis and Benefit Metrics and high capacity losses that have not been analysed and endorsed by RAN1. Therefore, a number of CSI IMs per cell higher than 3 should be avoided 
3   On the proposal to make X2 signalling future proof

It was commented during RAN3#87 that one way to move forward could be to allow for up to 32 CSI IM configurations in order “to make the protocol future proof”.

Let us first consider that a figure of 32 CSI IMs corresponds to coordination clusters of up to 5 cells. 
Assuming that the CSI RS resources for such number of cells are distributed over consecutive subframes, there will be the need of 144 REs to allow for CSI IMs and NZP CSI RS (precisely 31 CSI IMs + 5 NZP CSI IM) 

This implies that the allocation of CSI RS resources for a number of 32 CSI IMs will be equal to approximately 31% of the overall system capacity. 
Secondly, the following interoperability factor has to be taken into account. Namely, that in a cluster of cells taking part in eCoMP procedures, the CSI RS resource allocation shall follow the maximum CSI RS coordination cluster size selected by any of the participating cluster cells. 

In other words, if the CoMP deployment consists of eNBs from Vendor A and Vendor B and if Vendor A decides to run CSI coordination clusters of e.g. 5 cells, Vendor B will have no choice but to allocate CSI RS resources covering the 5 cell cluster coordination, i.e. all participating vendors will be forced to incur a 31% capacity loss. The latter does not give a vendor freedom to decide against such inefficient way of managing the spectrum, which was not endorsed by RAN1 in the first place. More specifically, there has been no RAN1 evaluations showing gains in such large CoMP cluster taking into account the overhead in the evaluated results. Moreover, the higher layer signalling and procedures required to manage such system has not been analysed and there is no proposal on how to split the UE measurements across different subframes in a reasonable way. 
Therefore, it is not possible to accept a value of up to 32 CSI IM processes per cell with the justification of making the system future proof. Indeed, such inappropriate design may lead to unsolicited performance degradations which were neither approved nor expected in the study run by RAN1.

Conclusion2: Maximum numbers of CSI IMs higher than 3 cannot be supported because it will force all vendors taking part in eCoMP to align with the resource allocation mandated by the vendor supporting the maximum cluster size. Given that only capacity losses for 3 CSI IMs per cell have been endorsed, a maximum of 3 CSI IM shall be agreed 

4   On the isolated small cell scenario
During RAN3#87 a new scenario was mentioned, where small isolated cells are within the coverage of a larger cell. The scenario is represented in Figure 5. 
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Figure 5: Isolated small cell scenario

In the scenario shown in Figure 5 the following two cases are possible:

1) UEs served by the small cells (UE2 for S1 and UE3 for S2) can detect the macro Cell1. UEs in Cell1 (UE1) cannot detect the small cells S1 and S2
2) UEs served by the small cells (UE2 for S1 and UE3 for S2) can detect the macro Cell1. UEs in Cell1 (UE1) can detect the small cells S1 and S2

It should be noted that in case 1) the only CSI RS coordination needed is between each small cell and the overlaying cell. Therefore, a maximum number of 3 CSI IMs is sufficient for both S1 and S2.
Given that in Case 1) UEs in macro Cell1 cannot detect S1 or S2, there would not be a need for allocating extra resources at Cell1 to measure interference from S1 or S2. Hence, a maximum of 3 CSI IMs would be still valid for Cell1
In case 2), S1 and S2 interfere with UEs in Cell1. A number of 3 CSI IMs would still be sufficient for S1 and S2, which have to coordinate only with Cell1. However, S1 and S2 need to be taken into account by Cell1 for CSI RS resource allocation. Given the issues concerning allocation of large CSI RS resources explained above, Cell1 would have to choose whether to include S1 and S2 as CSI RS coordination cells, or whether to include other perhaps stronger interferers.

Conclusion 3: a maximum number of 3 CSI IMs per cell is suitable also in the case of small isolated cells
5   Conclusion 
In this paper the technical details related to CSI RS resource coordination were presented and the issues stemming from support of high numbers of CSI IMs per cell were outlined.

The following conclusions were made:

Conclusion 1: The work on Signalling Enhancements for Inter eNB CoMP was based on the assumption of a maximum of 3 CSI IMs per cell. Higher numbers of CSI IMs imply unreliable calculation of CoMP Hypothesis and Benefit Metrics and high capacity losses that have not been analysed and endorsed by RAN1. Therefore, a number of CSI IMs per cell higher than 3 should be avoided 

Conclusion2: Maximum numbers of CSI IMs higher than 3 cannot be supported because it will force all vendors taking part in eCoMP to align with the resource allocation mandated by the vendor supporting the maximum cluster size. Given that only capacity losses for 3 CSI IMs per cell have been endorsed, a maximum of 3 CSI IM shall be agreed 
Conclusion 3: a maximum number of 3 CSI IMs per cell is suitable also in the case of small isolated cells
In order to agree to the proposals in the conclusions above, it is suggested to agree to the baseline CR in [5]
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