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1 Introduction
In this contribution we discuss CSI measurements and feedback enhancements for more flexible support of EB/FD-MIMO.   

2 Discussion

It is assumed that Rel.13 MIMO operation is based on transmission mode 10, in which case one or multiple CSI processes are defined. A TM10 UE can be configured with multiple CSI processes and each process is associated with a CSI-RS resource and a CSI-IM resource. Moreover, a CSI-RS resource in a CSI process is a NZP CSI-RS resource with associated scrambling ID and antenna port count etc. The UE then reports CSI per CSI process. 
When introducing further enhancements for MIMO, we suggest that the definition of a CSI process is kept, meaning that the UE shall continue to handle the measurements needed for reporting one CSI per CSI process. Hence, to each CSI process there is a “flow” of UCI feedback mapped to PUCCH and PUSCH respectively.  In the SI TR 36.897, Section 6.2.1, some CSI enhancements are briefly described, in which Scheme 4 describes a UE based selection of CSI processes and the UE reports CSI only for the selected CSI process. This would change the current definition of a CSI process which is undesirable. However, extensions to a CSI process may be necessary, for instance adding additional CSI-RS configurations to a single process, as will be discussed further below.
Proposal: Keep the current definition of a CSI process in the sense that each process is associated with measurements and a separate flow of UCI mapped to PUCCH and PUSCH respectively.  

2.1 Measurement resource

For CQI derivation in the UE, the observation interval in time and frequency is unrestricted. This implies, particularly for UE specific beamformed CSI-RS, that an NZP CSI-RS resource cannot be re-used in another subframe for a different beam since it is uncertain whether the UE is performing channel interpolation across subframes. This strong connection between a NZP CSI-RS resource and a UE leads to severe overhead when the number of UEs served by the cell and the number of monitored beams per UE increases. Therefore, it was proposed in the study item phase to introduce re-use of NZP CSI-RS resources across subframes, which from a standard perspective is enabled by introducing the possibility for the network to configure the UE to limit the measurement interval to a single subframe.

Proposal: Enable restriction of the measurement interval of NZP CSI-RS to a single subframe by CSI process specific RRC signaling. 

Moreover, for improved CSI reporting, it may also be useful for the network to know precisely when the UE is measuring interference. It is beneficial for optimizing network performance have more interference hypotheses. With higher order BF, the flashlight effect increases thus making it more important to take the precoder selection in adjacent cells into account in the interference hypothesis. So an interfering point in an interference hypotheses can be off, or on in many different ways corresponding to the different precoders used. This is also naturally useful for MU-MIMO CSI feedback as different hypotheses can be measured. Therefore we propose in addition to NZP CSI-RS to:
Proposal: Enable restriction of the measurement interval of CSI-IM to a single subframe by CSI process specific RRC signaling. 

Note that these restrictions should be controlled individually, as in some cases one of them may not be utilized simultaneously with the other. 
In Ericsson RAN4 contributions where CSI-RS based CSI reporting is used, channel interpolation was not used, and hence the requirements are met using single subframe measurements [2]. 

Observation: A UE can pass RAN4 CSI reporting requirements with a single subframe CSI-RS measurements, i.e. without subframe interpolation/averaging. 

Although the RAN4 tests are passed, we have further analyzed how much impact the single subframe CSI-RS estimation has on performance. We performed link simulations with adaptive MCS. The setup was 4 TX antennas, 2 RX antennas, and 2 CRS ports. The channel was EPA low correlation, system BW=5MHz, the mobility 5Hz Doppler, and TM9. Outer loop link adaptation was used to keep BLER at 0.1. The channel estimation on DMRS was non-ideal, and for CSI-RS it was either ideal or non-ideal without subframe interpolation. 
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Figure 1 Throughput loss with 1 subframe CSI-RS estimation compared to ideal estimation.
The results can be seen in Figure 1, where the loss is negligible except for the lowest SNR. However, these lowest SNR points will likely not occur in practice since ZP CSI-RS is used to protect these low geometry UEs. 

Observation: Disabling subframe interpolation for NZP CSI-RS pass RAN4 tests and has negligible impact on UE throughput
2.2 CSI and measurements for beam selection based beamformed CSI-RS
The principle of a beam selection based operation is that a set of candidate beams are monitored simultaneously by the UE within a CSI process. It should be noted that this principle is already used for e.g. the Rel.12 4 TX codebook. For instance, for a fixed W1 index n, we can interpret W1 as containing four different dual polarized beam directions. And a dual polarized beam is selected from a set of four such beams by a selection vector Y.   Recall the structure of the rank 1 codebook inserted below where co-phasing within the selected beam is applied: 
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For higher ranks, the same principle holds where more than one dual polarized beam can be selected. We propose to maintain this structure, but since the NZP CSI-RS is precoded based on the eNB’s discretion, there is no need for specifying the matrix Xn. Instead, since co-phasing of polarization within a beam is needed, one NZP CSI-RS port per polarization is necessary, Hence, we propose to use groups of two NZP CSI-RS antenna ports which can be interpreted as a beam (although a “beam” definition will not be visible in the specifications). 
Proposal: Define groups of 2 CSI-RS ports to be interpreted as a “beam CSI-RS”. 

Note that several dual polarized beams may also be selected for a richer channel feedback for a lower rank. However, if such feedback is directly used for precoding for a PDSCH transmission, there will be an impact on the power amplifier utilization efficiency for some implementations of the array antenna since one code word is transmitted in multiple beam directions simultaneously. Having such rich channel feedback could for some implementations be undesirable, so enabling rich CSI feedback with multi-beam selection per code word should be under network control, i.e. it should also be possible to operate CSI feedback so that the UE assumes one beam per code word.  
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It is useful if the set of candidate beams monitored by the UE can be changed dynamically by the eNB. The straightforward way to achieve this is by disabling NZP CSI-RS interpolation and CSI-IM averaging across subframes as discussed previously. In this case, the UE monitors a set of NZP CSI-RS resources (2 port beams) and the eNB changes the beam weights for each resource from subframe to subframe. A single ZP CSI-RS configuration that covers all NZP CSI-RS is used for correct PDSCH to RE mapping 

In addition, dynamic indication of NZP CSI-RS resource indices to monitor can be added in the DCI which gives even more flexibility to the eNB to manage the pool of NZP CSI-RS resources to maintain a low RS overhead. In this case, it needs to be studied further how the PDSCH to RE mapping should work since not all configured NZP CSI-RS resources are used for measurements. The enhancements described here were discussed as Approach 1 and 2 in Section 6.2.1.1 in [1].   

2.2.1 Extension to CSI process definition

To efficiently support beamformed CSI-RS mode of operation, it may be useful to extend the definition of a CSI process to include multiple beams. A UE shall still support multiple CSI processes, so the network can compare different SU-MIMO, MU-MIMO, and COMP scheduling hypotheses for that UE.  It is clear from Section 6.2.1 in [1] that some beam selection mechanism within one CSI process at the UE is useful but there are variants on how to implement this in specifications: 
· Option 1: A CSI process has a single NZP CSI-RS resource of N ports. The resource is interpreted as N/2 different 2 port NZP CSI-RS sub-resources, where each group of two ports corresponds to the two polarizations of a 2D-beam (a 2D beam has an azimuth plus a horizontal pointing direction). Hence, there are M=N/2 2D-beams measured by the UE. At most 8 beams can then be monitored within a CSI process if a definition of 16 port CSI-RS is completed in Rel.13. 
· Option 2: A CSI process has a multiple M of 2 port NZP CSI-RS resources where each CSI-RS resource corresponds to the two polarizations of a 2D-beam. Hence there are M 2D-beams measured by the UE. Since a subframe can contain up to 20 and 32 NZP CSI-RS resources with 2 ports each for FDD and TDD respectively, it is possible to support an even larger number of monitored beams within a CSI process compared to Option 1. This would then require an extension of the maximal number of supported NZP CSI-RS (maxCSI-RS-NZP-r11) from the current value of three (by limiting the number of ports per resource to two). 
These options are further discussed in [3]. 
2.2.2 UE procedure for beam selection
In the beam selection, the UE selects one beam out of the M beams (where a beam is a two port CSI-RS resource), performs polarization co-phasing between the two dual polarized ports in the beam and then reports its beam selection, rank, PMI and CQI for the CSI process. The rank here is either 1 or 2, so the maximum rank per beam is thus 2. 

For a UE with 4RX, rank 3 and 4 SU-MIMO reception should also be supported. In this case, beam aggregation can be used, so the UE selects two beams from the set of M beams, and performs co-phasing of the polarizations, as in the Rel.10 codebook for 8 TX. For rank 3, one selected beam will have rank 2 and the other selected beam rank 1. 
These are the alternatives for enhancements for beamformed CSI-RS, with increasing benefits but also complexity:

1. The UE is RRC configured with K port pairs (i.e. beams) per CSI process. Each port pair is a 2-port CSI-RS configuration from Rel.10 definitions. The UE selects a port pair and reports rank (1 or 2), PMI (port co-phasing) and CQI per CW assuming PDSCH transmission over the selected port pair plus log2(K) bits to indicate the selection. A starting point could be K=8 beams but the value K can be configurable and K=1 should be included in case eNB obtains accurate beam direction information by other means, like DRS or UL measurements. 

2. Same as 1, but the UE jointly selects more than one port pairs so that richer CSI feedback can be obtained at eNB. This also allows for RI>2 and can be seen as beam aggregation. For example, the UE takes the four ports associated to two beams and treats that as a four ports and applies the four port codebook to determine PMI, RI and CQI. 

3.  The UE is RRC configured with K’>K port pairs per CSI process. Each port pair is a 2-port CSI-RS configuration from Rel.10 definitions. The eNB signals dynamically in DCI a subset of K out of K’ port pairs. Then, procedure as of 1 or 2 follows for the CSI reporting.

The set of K’ configured port pairs could be significantly larger than the measurement capability of the UE. This speaks in favor of option 2 in configuring ports, since the number of 2 port CSI-RS configurations in the set could be large and resources need not necessarily be constrained to the same subframe as they are individual Rel.10 CSI-RS resources.. This speaks in favor of option 2, since the number of 2 port CSI-RS configurations in the set could be large and resources need not necessarily be constrained to the same subframe as they are individual Rel.10 CSI-RS resources.  
2.2.3 Specification impact of beam selection
The beam selection and co-phasing operation can be specified in different ways:

· Option A: The selection and co-phasing of polarizations within a beam and/or between beams are defined by a matrix W taken from a rank specific codebook. This codebook may be the same codebook as for W2 in the non-precoded CSI-RS operation.
· Option B: The port selection is performed separately, described by a beam selection index (BI) and then the co-phasing within a beam only is performed by a matrix W taken from a rank specific codebook. 

If the same W2 as in the non-precoded CSI-RS operation is to be re-used, then the number of configured NZP CSI-RS ports must be the same as the number of columns in W1. This may lead to some inflexibility and additional RS overhead since the number of beams could be a UE or cell specific configuration depending on the deployment scenario, while the number of columns in W1 is a fixed number (e.g. 8) given by the designed codebook and rank. Moreover, W2  may contain selection vectors for both azimuth and elevation beams, but in this case, since the beams have 2D pointing angles, it is sufficient with a single (1D) beam selection vector. So the immediate benefits of re-using  W2 is not clear at this point and should be studied and discussed further. 
2.3 CSI and measurement for NP CSI-RS
When the UE is configured to measure on NP CSI-RS with L antenna ports, a codebook with L rows is used, hence there is no “port selection” involved. This is the well-known implicit CSI feedback framework, used in LTE since Rel.8, where the UE feeds back a preferred precoder, a rank, and CQI per codeword. Since this is closed loop operation, it is robust in all conditions, in FDD as well as TDD. It is also robust in terms of interference discovery, since the UE performs all the measurements to determine precoding. This is in contrast to beamforming type of operation where the eNB and UE jointly select the beam(s), which may be prone to error in complicated interference scenarios since neither node “sees the full picture”. 

To have even more robust operation and better control over which CSI-IM the UE actually uses when estimating the CQI, it is beneficial if the measurement restrictions in Section 2.1 are universal, i.e. they can be applied to both NP CSI-RS and BF CSI-RS type of CSI feedback operation.

Proposal: Measurement restrictions on NZP CSI-RS and CSI-IM are universal and can be configured for both NP CSI-RS and BF CSI-RS operation.
3 Conclusion

We make the following proposals:

Proposal: Keep the current definition of a CSI process where each process is associated with measurements and a separate flow of UCI mapped to PUCCH and PUSCH respectively.  

Proposal: Enable restriction of the measurement interval of NZP CSI-RS to a single subframe by CSI process specific RRC signaling. 

Proposal: Enable restriction of the measurement interval of CSI-IM to a single subframe by CSI process specific RRC signaling. 

Proposal: Define groups of 2 CSI-RS ports to be interpreted as a “beam CSI-RS”. 
Proposal: Measurement restrictions on NZP CSI-RS and CSI-IM are universal and can be configured for both NP CSI-RS and BF CSI-RS operation.
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