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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 this section we will discuss and show that a CoMP cluster of size larger than 3 is not feasible from RAN1 specifications point of view. Hence, RAN3 would not need to focus on signalling solutions to support more than 3 cells CoMP clusters. Moreover, RAN1 evaluations and decision to introduce non ideal backhaul CoMP signaling over X2 was based on three cell CoMP, as justified in [3].

2   Discussion
It was explained in [1] that CSI measurements are obtained by means of a Rel11 feature according to which a Rel11 UE supporting Transmission Mode 10 can be configured over RRC with CSI RS resources. These are resources on which some resource elements are used to transmit Reference Signals (called Non Zero Power CSI-RS – NZP CSI-RS) and some resource elements are used for CSI Interference Measurement (CSI IM). In a CoMP cluster, these resources need to be planned and configured carefully so that the measurements performed by a UE reflects the intended transmission hypothesis of the measurement. 

For the purpose of measuring the desired signal quality, some CSI RS resources can be used to transmit NZP CSI-RS from each cell in the CoMP cluster, while the other cells transmit a ZP CSI-RS (i.e. are muted) on the same resources. In this way it is possible to estimate the channel and monitor the received reference signal level of each cell in the cluster while other cells do not interfere. 

For the purpose of obtaining measurements of interference from one or more adjacent cells, some of the CSI RS resources can be configured as CSI IM resources, which correspond to so called Zero Power (ZP) CSI-RS resources for the set of cells that should not be included in the interference measurement and that correspond to e.g. data traffic for cells where interference needs to be measured.
For example, if the interference to a UE generated by all neighbouring cells in the CoMP cluster needs to be measured, the serving cell uses a ZP CSI-RS (i.e. mutes its transmission) on the CSI IM resources that do not overlap with CSI RS resources in any other cells in the cluster. Such CSI-IM resources are configured to the UE and given that in other adjacent cells there are transmission activities on those CSI-IM resources, measurements on such resources reflect the true, instantaneous interference from adjacent cells. 
Furthermore, if interference from a single cell wants to be estimated, it is possible to configure the UE with CSI IM resources where the cell in question transmits data while all other cells transmit ZP CSI-RS (i.e. are muted) on the same resource elements (and thus do not transmit on PDSCH on these CSI IM resources). CSI measurements collected by the UE will provide information about interference of transmitting cells when other cells are not transmitting. 

It can therefore be understood how interference from isolated neighbouring cells can be estimated.
By proper planning and configuration of the NZP CSI-RS, CSI-IM and ZP CSI-RS in neighbouring cells, the UE can report CSI to measure inter cell interference for multiple transmission hypotheses and therefore to help the network to coordinate the scheduling. 
It is worth pointing out that enabling CSI measurements comes at non negligible costs because PDSCH of the cells where ZP CSI-RS is configured has to be scheduled to avoid transmissions in ZP CSI-RS resources. Hence, there is a loss in spectral efficiency when CSI-RS is configured since the number of resource elements per subframe available for PDSCH is reduced. Therefore, the benefit of CSI measurement reports has to overcome such overhead costs.
A Rel-11 UE can be configured with 1 to 4 CSI processes at the time (depending on UE capabilities), i.e. 1 to 4 CSI processes per RRC configuration signalling. Each CSI process is associated with one NZP CSI-RS and one CSI-IM, configured to the UE by RRC signalling.  In order to enable a UE to measure and report CSI feedback which gives information on different neighbour cells interference, the UE needs to be configured via RRC with opportune CSI IMs. It is worth noticing (as it will come useful later in the paper) that if multiple CSI-IMs are configured to a UE to measure multiple transmission hypotheses, then all the CSI-IM resources configured to a UE need to reside in the same subframe according to TS 36.213. 

If the interfering cells change with time and CSI processes need to follow such changes, the UEs would need to be frequently reconfigured via RRC signalling. For instance, if there are five cells in a CoMP cluster, there are (2^5)-1=31 different CSI IM configurations (as explained below). For each CSI process, one of these CSI IM configurations needs to be signalled to a UE to receive CSI feedback useful to understand the interference generated by each combination of such cells and to deduce information useful for resource coordination (such as CoMP Hypothesis and Benefit Metrics). Each CSI IM corresponds to a transmission pattern hypothesis for each of these cells in the CoMP cluster. When the UE moves around, or when the traffic load of a cell changes significantly, the CSI IM of a UE needs to be reconfigured by RRC signalling so that the UE always measure the relevant transmission hypothesis. 

The continuous reconfiguration of CSI IM resources needed to monitor interference from all the cells in a neighbourhood will result in frequent RRC CSI configurations. In the example above of 5 CoMP cluster cells, there would be the need of 8 RRC reconfigurations (configuring up to 4 CSI RS) per UE to cover all the CSI IMs. Such reconfiguration signalling will be continuously repeated due to changing interference conditions for the UE.
Observation 1: If interference of different neighbour cells needs to be measured via CSI reporting, the UE needs to be configured via RRC signalling every time the set of interfering cells to be monitored changes. This implies frequent RRC signalling
Moreover in [1] another issue was highlighted, which is the most severe and related to the allocation of CSI RS resources, which have to be coordinated for all the cells in a CoMP cluster. The problem is illustrated in [4] and it concerns the loss in capacity associated with CSI-IM configuration. In fact, if no restrictions are placed on the number of cells considered in a CoMP cluster for CSI RS resource coordination two phenomena would occur:

1) As explained above, a UE would need to be frequently reconfigured via RRC to change the set of CSI IM resources (as they are UE specifically configured) used to measure interference of the most prominent interfering cells in the UE’s surroundings 

2)  The number of CSI-IM resources needed to allow all the UEs in the CoMP cluster to report CSI measurements for their favorite transmission pattern hypothesis of their interfering neighbor cells would explode to the point of denying any Inter eNB CoMP capacity improvement. In other words, there would be CSI-IM resources in nearly every subframe, which would severely reduce PDSCH capacity. This would also incur scheduling restrictions since normally a UE is not forced to have ZP CSI-RS in several subframes to protect a CSI-IM from the scheduled PDSCH.
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Figure 1: Example of CSI RS resource configuration for a cluster of 3 CoMP cells

If Figure 1 an example of the overall amount of resources needed to achieve CSI measurement coordination in a 3 cells CoMP cluster is presented. 

In a CoMP cluster of 3 cells there is the need of 3 CSI RS resources to allow robust measurements of CSI reference signals (NZP CSI-RS) as per TS 36.213. This is shown in the top three configurations of Figure 1a where in turn each of the 3 cells transmits NZP CSI-RS on one of the 3 resources while the other two cells are muted.

It should be noted that one CSI-IM resource consist of 4 resource elements (RE) per Resource Block (RB) pair in a subframe.

Further, the following amount of CSI RS resources per RB pair is needed in order to configure CSI IMs that can estimate interference from all the combinations of cells in the cluster (such estimation being needed to calculate CoMP Hypotheses and Benefit Metrics):

CSI IM resources per RB pair (3 Cells Cluster) = 2^(Cluster Size)-1= 7 →7*4 REs = 28 REs
In total there are 12*14=168 RE in a RB pair. Hence, the CSI-RS alone in this case would consume 17% overhead which needs to be recovered by CoMP gains. The reason why such an amount of CSI IM resources are needed is explained in the configurations shown at the bottom of Figure 1 (Figure 1b). There it is explained that in order to allow UEs served by any of the 3 cells in the cluster to measure interference for any of the combination of interfering cells, there is the need for one CSI IM resource, i.e. 4 REs, per CSI-IM configuration (and they are present in all the PRB pairs in the system bandwidth).

As mentioned above a CSI-IM resource consist of 4 resource elements (REs) and the CSI-IM resource configuration is repeated for every Resource Block (RB) pair in a subframe. Namely, for the 3 cells CoMP cluster example of Figure 1 there would be the need of 28 REs in each RB pair in a subframe. Namely, for cells of 20MHz bandwidth where a subframe contains 100 RB pairs, there will be the need of a total of (28REs X 100 RB pairs == 2800 RB pairs). Figure 2 shows the distribution of CSI-IM resources in an RB pair (left) and in a whole subframe (right) for a 3 cell CoMP Cluster.
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Figure 2: Example of CSI-IM resources needed in a 3 cells CoMP cluster

Let’s then resume how CSI-IM resources change with the CoMP cluster size. For a 3 Cell CoMP cluster we know that CSI IM resources needed are:

CSI IM resources per RB pair (3 Cells Cluster) = 2^(Cluster Size)-1= 7 →7*4 REs = 28 REs
Similarly, the CSI-IM resources needed for a CoMP cluster of 4 cells are
CSI IM resources per RB pair (4 Cells Cluster) = 2^(Cluster Size)-1= 15 → 15*4 REs = 60 REs
Therefore it can be observed that the amount of CSI-IM resources needed increases exponentially with the cluster size.

Observation2: the amount of CSI-IM resources increases exponentially with the size of the CoMP cluster to be coordinated via CSI measurements reporting

Following the example of a 4 cells CoMP cluster, it has to be noted that to the CSI-IM resources one needs to add 4 CSI RS resources for NZP CSI-RS measurements for a total of 15+4 = 19 CSI RS resources.

As mentioned above, it should be observed that in TS 36.213 it is specified that all the resources corresponding to CSI-IM processes configured for a UE shall fall within the same subframe. 

Hence, it is not possible to configure for the same UE CSI-IM processes that cover some or all combinations of 4 cells in a CoMP cluster because it is not possible to fit the amount of CSI-IM resources needed in the same subframe. Therefore, only a 3 cells cluster can be considered for Inter eNB CoMP CSI measurements. 
Observation3: It is not possible to configure a UE with CSI-IM resources for more than 3 cells clusters because such resources would not fit in one subframe, as mandated by TS36.213

On top of the practical limitation in CSI RS resources explained above, there is another factor to take into account, which is that the more the CSI RS resources are, the less are resources left to schedule data traffic.

In [4] it was shown how in a 12 cells CoMP cluster where CSI IM can be freely configured there is a total of 66 CSI-IMs per cell, which cascades into very frequent RRC reconfiguration for the UEs and very large amount of CSI IM resources needed that reduce PDSCH capacity. It was in [4] estimated to a total of 30% capacity loss due to CSI RS resources is incurred.

Conclusion 1: The CSI reporting mechanism in current Rel-12 CoMP is only feasible for a small number of cells in the CoMP cluster, namely 3 cells. For larger CoMP clusters (e.g. more than 3 cells), CSI-IM resources cannot be configured according to current specifications. Moreover, the CSI-IM becomes so large that it cannot be recovered by any CoMP gains, even with ideal backhaul.  Moreover, frequent RRC reconfigurations of CSI-IM for the UEs would imply high signalling loads over the air.
30% overhead in CSI-IM resources calculated in [4] implies that the overall gain of Inter eNB CoMP is completely denied. Hence, it is very important that the number of CSI IMs for all UEs in a cell is limited to a number that does not imply a surge of CSI measurement reports and a surge of over the air signalling. Indeed, the scalability problem caused by large numbers of CSI IMs and therefore large amount of CSI measurement reports was discussed in the end of RAN1 study and also tackled in [3], where it was acknowledged that the number of cells in the CoMP cluster (and thus the number of CSI-IMs) should be limited to 3 and where simulations showing CoMP gains were presented for a number of 3 fixed CSI-IMs configured for all UEs in any one of the 3 CoMP Cluster cells.

It shall also be noted that reference [3] together with reference [5] became the main references to justify a way forward cosigned by 18 companies in document [6]. In fact, in [6] the following is stated:

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 [6, 7] and was supported by very large number of companies, could not be agreed in RAN1#76bis due to objection of small number of companies.
Where reference [6, 7] above correspond to reference [3] and [5] in this paper. As already stated, reference [3] sets the scene on how to report CSI measurements and shows gains in a scenario where only 3 CSI-IMs are configured in a cell for all UEs, due to the problems with larger CoMP clusters as discussed above. 
Hence, there is no support for CoMP clusters larger than 3 cells and for more than 3 CSI IM configurations for all UEs in a cell in the evaluations and agreements made in RAN1. 
Indeed, the CSI RS resource overhead in case of a fixed configuration of 3 CSI IM for the whole cell is of (4RE X 3 CSI IM) per RB pair, which equals to a capacity loss of about 7%. The latter was considered to be feasible during the study in RAN1.
The above leads to the following conclusion:
Conclusion2: In line with the discussions and analysis in RAN1 an enhanced signalling solution for Inter eNB CoMP should comprise of 3 CSI IMs per cell. The latter is of utmost importance if loss in capacity and signalling overheads have to be maintained to a level that makes CoMP gains still positive.
3   Conclusion 
In this paper the topic of CSI measurements reporting for Inter eNB CoMP was analysed and its challenges were explained.
The following observations were made:

Observation 1: If interference of different neighbour cells needs to be measured via CSI reporting, the UE needs to be configured via RRC signalling every time the set of interfering cells to be monitored changes. This implies frequent RRC signalling
Observation2: the amount of CSI-IM resources increases exponentially with the size of the CoMP cluster to be coordinated via CSI measurements reporting

Observation3: It is not possible to configure a UE with CSI-IM resources for more than 3 cells clusters because such resources would not fit in one subframe, as mandated by TS36.213

In order to address the issues described it is proposed to agree to the following:

Conclusion 1: The CSI reporting mechanism in current Rel-12 CoMP is only feasible for a small number of cells in the CoMP cluster, namely 3 cells. For larger CoMP clusters (e.g. more than 3 cells), CSI-IM resources cannot be configured according to current specifications. Moreover, the CSI-IM becomes so large that it cannot be recovered by any CoMP gains, even with ideal backhaul.  Moreover, frequent RRC reconfigurations of CSI-IM for the UEs would imply high signalling loads over the air.

Conclusion2: In line with the discussions and analysis in RAN1 an enhanced signalling solution for Inter eNB CoMP should comprise of 3 CSI IMs per cell. The latter is of utmost importance if loss in capacity and signalling overheads have to be maintained to a level that makes CoMP gains still positive.
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