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1 Introduction

During TSG-RAN WG1 #69 significant progress was made with respect to the definition of the CSI feedback framework for CoMP in Rel-11. In particular, the configuration of CSI(s), which we denote as CSI Processes for clarity in the following, was agreed as follows:
· The eNB configures the CSI(s) to be reported by the UE

· A Rel-11 UE can be configured to report one or more CSIs per CC
· Each CSI is configured by the association of

· Channel part: one NZP CSI-RS resource in CoMP Measurement Set

· Interference part: 
· one Interference Measurement Resource (IMR) which occupies a subset of REs configured as Rel-10 ZP CSI-RS
· FFS whether one or two NZP CSI-RS resources can be configured, on which ports the UE assumes the transmission of an isotropic signal to be considered as interference in addition to the interference measured on the configured IMR
· Configuration of multiple CSIs
· IMRs associated with different CSIs can be configured independently
· If NZP CSI-RS resources are configured (as per the FFS above), they can be different for different CSIs
· FFS the maximum number of CSIs configurable for one UE 

· This does not affect the ability to configure subframe subsets for CSI reporting

· If PMI/RI reporting is configured, each CQI is associated with a PMI+RI

Hence, it was agreed to have a highly configurable framework for CSI reporting that enables configuration of the specific CSI that is relevant and useful for a particular UE in the given network deployment and position of the UE. However, a few key open issues remain, including:

· If to support UE emulated interference 

· How/if to support CoMP and CA simultaneously?

· How many CSI processes a UE should be capable of supporting?
· How to handle rank and PMI between related CSI Processes
Herein we focus on the last two topics, whereas the benefits and specification impact of UE emulated interference is treated in detail in the companion contributions [1] and [2]. We also note that CoMP and CA can relatively easily be supported simultaneously, by a associating each CSI process with a particular component carrier (i.e., a ServCellIndex), in which case the CA reporting becomes incorporated in the generic CoMP feedback framework, see further in [3] and [4].
A typical CoMP scenario will be that two transmission points coordinates the transmissions to a particular UE, as depicted in Figure 1.
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Figure 1: CQI hypotheses based approach for the strongest and second strongest points (P1 and P2).

From the strongest two points, there are several CoMP transmission/interference hypotheses to cover for CQI support of JT, DPS and CS/DPB. In total there are four different cases as outlined in Table 1. Note that JT can be implemented by recalculating CQIs based on CSI process 2 and 4, see evaluation in [6]. 
Table 1: Four different CQI hypotheses for CS/DPS with independent RI and PMI reporting.
	
	Desired Signal

Hypothesis
	Interference

Hypothesis

	
	P1
	P2
	P1
	P2

	CSI process 1
	RI1/PMI1
	-----------
	Off
	On

	CSI process 2
	RI2/PMI2
	-----------
	Off
	Off

	CSI process 3
	-----------
	RI3/PMI3
	On
	Off

	CSI process 4
	-----------
	RI4/PMI4
	Off
	Off


2 Supported number of CSI Processes
As noted above, in the typical CoMP case where 2 TPs are coordinating the transmission to a particular UE, there are a total of four CSI processes required to track all the relevant transmission hypotheses of a component carrier. From this perspective it seems reasonable to support 4 parallel CSI processes.

Observation:

· Four CSI processes are required to report the relevant CSI hypotheses for the typical coordination of two TPs to a particular UE
For the case where 3 transmission points are jointly coordinating their transmissions to a particular UE it will be impossible to report all different transmission hypotheses. For this scenario, it seems reasonable that the network will have to subselect four different transmission hypotheses to report. This could for example represent the four different three-point dynamic point blanking hypotheses.
Proposal:

· The maximum number of supported simultaneous CSI Processes is four, at least for a single carrier terminal. 

In case it is decided to support CA and CoMP simultaneously, a larger number of CSI processes will have to be supported, as to support CoMP feedback of multiple component carriers. A baseline extension would be to support up to 4 CSI Processes per configured component carrier. Such an extension can also be motivated from a processing complexity perspective of the UE. It should be noted that the CSI processing complexity scales approximately linearly with the considered bandwidth (at least for the frequency selective aperiodic feedback modes, which are the most demanding for the UE implementation). It is thus roughly the same UE complexity to compute a single CSI process for 20 MHz, as it is to compute two CSI processes each representing 10MHz (or any other partitioning of 20 MHz). Hence, for the typical carrier aggregation capability class which supports carrier aggregation of up to a total of 20 MHz, we therefore note that the CSI processing complexity is approximately the same, regardless if the a single 20 MHz carrier is configured with 4 CSI processes, or if multiple carriers are configured each with 4 CSI processes.
Observation:

· For a carrier aggregation capable terminal supporting up to 20MHz of aggregated bandwidth, supporting 4 CSI processes per component carrier does not substantially impact the CSI processing complexity over supporting 4 CSI processes on a single component carrier 
Hence, only for the high performance 100 MHz capable terminals would be affected by an increased processing burden, since a single carrier cannot be larger than 20 MHz. This may be acceptable, considering the performance class of such terminals.
Proposal:

· If it agreed to support carrier aggregation and CoMP simultaneously the baseline should be to support 4 CSI processes per component carrier. 
3 Inheritance between CSI Processes
With the support of four CSI processes, the CSI processes of Table 1 can be set up. However, there are several severe disadvantages of requiring the RI and PMI derivations and reporting to be performed independently for each CSI processes, as implied in Table 1. Firstly, PMI1 and PMI2 will be highly correlated and typically the same (similarly for PMI3 and PMI4), since they represents transmissions over the same effective channel. Secondly, for effective combination of CSI process 2 and CSI process 4 to realize incoherent JT, RI2 and RI4 should be the same value, otherwise they will be difficult to combine into a single joint transmission. Similarly, to support frequency selective DPB, RI1 and RI2 should be the same, since the scheduled rank must be the same over the frequency band.
Hence, there are strong incentives to enforce some couplings between the different CSI processes in terms of RI and PMI.

3.1 Implicit CSI framework
LTE has since Rel-8 adopted an implicit feedback for CSI reporting: Contrary to explicit CSI reporting, the UE does not explicitly report, for example an SINR level or complex valued elements of a measured effective channel, but rather the UE recommends PMI, RI, and CQI for a reference resource for which a UE can measure an effective channel and an interference/noise. 

The implicit feedback framework (PMI/RI/CQI) is integrally connected with the RAN4 testing, which forces a UE to recommend PMI/RI/CQI that achieves sufficiently high throughput performance for any given effective channel, and moreover that the recommended CQI does not violate a block error rate constraint (of e.g., 10%).  A key observation is that a PMI/RI recommendation becomes meaningless without an associated recommended CQI that assumes a transmission following the recommended PMI/RI. The opposite is however not true, a CQI recommendation can be defined without an associated PMI recommendation, as long as it is clear to both the UE and eNodeB which transmission property the CQI is recommended for, like in TM3 which employs open-loop precoding without PMI recommendation.

A consequence of the implicit feedback framework is that CSI feedback for CoMP will potentially involve multiple CSI processes that represent different CoMP transmission/interference hypotheses. Herein we will elaborate on different means to reduce the increased computational complexity and feedback overhead that comes with multiple CSI processes. In particular, we propose to use the fact that PMI/RI can readily be reused between CSI processes as long as the CQI is recommended based on the associated PMI/RI. For a more elaborate discussion on implicit feedback characteristics, see [5].
3.2 Reuse of RI for support of JT and frequency selective DPB
As was noted above, for a joint transmission, the PMIs of the participating TPs should all have the same transmission rank. 

Observation:

· In a joint transmission the PMIs of each of the TPs should have the same transmission rank

Hence, the reported single transmission point PMIs should be compatible so that an eNodeB can effectively determine a configuration for a joint transmission, which implies that PMI2 and PMI4 should have the same rank. This method is outlined in Table 2.
Table 2: Four different CQI hypotheses for CS/DPS with four distinct PMI reports and three RI reports
	
	Desired Signal

Hypothesis
	Interference

Hypothesis

	
	P1
	P2
	P1
	P2

	CSI process 1
	Recommend

RI1/PMI1
	-----------
	Off
	On

	CSI process 2,
	Recommend

RI2/PMI2
	-----------
	Off
	Off

	CSI process 3
	-----------
	Recommend

RI3/PMI3
	On
	Off

	CSI process 4
	-----------
	Reuse: RI2

Recommend: PMI4
	Off
	Off


Hence, to effectively support joint transmission without excessive additional overhead of separate PMI reporting for joint transmission, it should be supported to impose a rank restriction between different PMI reports. That is,

it should be possible to configure the UE to assume the RI determined as part of a specific CSI process also for other CSI processes. 

Moreover, to support frequency selective scheduling of different CoMP transmission schemes (e.g., frequency selective dynamic point blanking) there is also a requirement that the different corresponding CSI reports share the same transmission rank, since the transmission rank of the PDSCH cannot change over the bandwidth. Such a configuration is depicted in Table 3.
Table 3: Four different CQI hypotheses for CS/ with four distinct PMI reports and one RI reports
	
	Desired Signal

Hypothesis
	Interference

Hypothesis

	
	P1
	P2
	P1
	P2

	CSI process 1
	Recommend:

RI1/PMI1
	-----------
	Off
	On

	CSI process 2,
	Reuse: RI1
Recommend: PMI2
	-----------
	Off
	Off

	CSI process 3
	-----------
	Reuse: RI1

Recommend: PMI3
	On
	Off

	CSI process 4
	-----------
	Reuse: RI1

Recommend: PMI4
	Off
	Off


Observation:
· To support frequency selective scheduling of different CoMP transmission schemes (e.g., frequency selective DPB), the reported transmission rank must be shared by all CSI reports.

Proposal:

· To supporting frequency selective CoMP scheduling as well as joint transmission, a CSI Process should be configurable to inherit a RI from a different CSI Process. 
· For the CQI/PMI derivations the RI that was last reported, for the CSI processes it was inherited from, should be assumed. 
3.3 Reuse of CQI subband selection

In PUCCH reporting modes 2-0 and 2-1 and PUSCH reporting modes 2-0 and 2-2, the UE selects a subset of the subbands for which it reports frequency selective CQI. If the subband selection is independent on all CSI processes, the eNodeB may receive CSI reports for non-overlapping sets of subbands for the different CSI processes. This may be acceptable (or even preferable) for, for example, two CSI processing representing dynamic point selection hypotheses. However, this is highly undesirable if the CSI processes represents two different interference hypotheses for DPB, or if they are to be combined for a joint transmission, in which cases the scheduler needs the reports for the same set of subbands. 
Hence, to support JT and dynamic point blanking with PUCCH reporting modes 2-0 and 2-1, we propose that a CSI process can inherit the subband selection of another CSI process.
Proposal:

· To supporting frequency selective DPB based on UE selected subbands, a CSI Process should be configurable to inherit a subband selection from a different CSI Process. 

· For the CQI/RI/PMI derivations the subband selection that was last reported, for the CSI processes it was inherited from, should be assumed. 
3.4 Reuse PMI for non-muted interference also as PMI for muted interference CSI Processes
One option to reduce the PMI feedback overhead is to reuse PMI1 and PMI3 (and associated ranks) from CQI processes 1 and 3, respectively, also for CSI process 2 and 4; that is, 

PMI2 := PMI1 

PMI4 := PMI3
Hence, PMI1 is reported as part of CSI process 1, and hence implicitly defined by a RAN 4 performance test assuming the transmission following that CQI/PMI recommendation. For CSI process 2, the UE does not report an additional recommended PMI, but only reports a CQI assuming a transmission using PMI1, but with a different interference hypothesis. The similar approach is applied to CSI process 3 and 4. 
Hence, the PMI/RI feedback overhead has been reduced from four to two PMI reports. This comes at a slight cost in that there will not be a PMI/RI that is optimized for the lower interference seen in CSI processes 2 and 4, but the lower interference level will be reflected in the CQI.

Table 4 corresponds to full reuse of PMI and RI for different interference hypothesis. In the former case the total PMI/RI feedback is four PMIs and three RIs, whereas the latter case corresponds to a PMI/RI feedback of two PMIs and one RI.

Table 4: Four different CQI hypotheses for CS/DPS with two distinct PMI reports and one RI report

	
	Desired Signal

Hypothesis
	Interference

Hypothesis

	
	P1
	P2
	P1
	P2

	CSI process 1
	Recommend

RI1/PMI1
	-----------
	Off
	On

	CSI process 2,
	Reuse:

RI1/PMI1
	-----------
	Off
	Off

	CSI process 3
	-----------
	Reuse: RI1 

Recommend: PMI3
	On
	Off

	CSI process 4
	-----------
	Reuse:

RI1/PMI3
	Off
	Off


Proposal
· Consider to enable a CSI process to inherit the PMI from a different CSI processes to reduce feedback overhead and UE processing
· For the CQI derivations the PMI that was last reported, for the CSI processes it was inherited, should be assumed. 
4 Conclusions

Herein we discussed remaining topics in the CoMP CSI feedback design and the following was proposed:

· The maximum number of supported simultaneous CSI Processes is four, at least for a single carrier terminal. 

· If it agreed to support carrier aggregation and CoMP simultaneously the baseline should be to support 4 CSI processes per component carrier. 

· To supporting frequency selective CoMP scheduling as well as joint transmission, a CSI Process should be configurable to inherit a RI from a different CSI Process. 

· For the CQI/PMI derivations the RI that was last reported, for the CSI processes it was inherited from, should be assumed. 
· To supporting frequency selective DPB based on reporting modes with UE selected subbands, a CSI Process should be configurable to inherit a subband selection from a different CSI Process. 

· For the CQI/RI/PMI derivations the subband selection that was last reported, for the CSI processes it was inherited from, should be assumed. 
· Consider to enable a CSI process to inherit the PMI from a different CSI processes to reduce feedback overhead and UE processing

· For the CQI derivations the PMI that was last reported, for the CSI processes it was inherited, should be assumed. 
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