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1 Introduction
In RAN1#85, a working assumption was reached to specify at least two mechanisms to support hybrid CSI-RS operation:
Working assumption:
· Mechanism 1: Hybrid CSI is realized by with one CSI process, support at least CLASS A for the 1st eMIMO-Type and CLASS B with K=1 CSI-RS resource for the 2nd eMIMO-Type

· i1 is reported while CQI and i2 are not reported for the 1st eMIMO-Type (CLASS A)

· FFS: whether RI is reported for CLASS A 

· CQI/PMI/RI are reported for the 2nd eMIMO-Type (CLASS B K=1)

· At least one more mechanism is supported, to be discussed in RAN1#86

A wide variety of proposals were made for the second mechanism, leading to the following two conclusions:

· Down select from the above mechanisms and/or options in RAN1#86
· Each proposal should include clear description on use case(s) and specification impact

· For CLASS B K=1, proponent needs to clarify whether both codebook options are applicable or not.
This contribution considers the merits of one and two process alternatives for the second mechanism.  In light of the above conclusions, particular attention is paid to use cases and relative specification impact.
2 Hybrid CSI Reporting Mechanisms
2.1 Hybrid CSI Reporting with Process Pairs
A common use case for hybrid CSI reporting is where a first CSI process has a relatively large number of CSI-RS ports and is transmitted relatively infrequently, while a second CSI process has a relatively small number of CSI-RS ports and is transmitted relatively frequently.  A UE can report CSI feedback using either the first or second CSI process. The eNB uses the first CSI process to determine beamforming weights to apply to the CSI-RS ports of the second CSI process, and may also use the first CSI process to determine the precoding to use for a PDSCH for the UE.  The second CSI process is used to determine the precoding to use for a PDSCH for the UE.
Observation: 

· Hybrid CSI reporting with Class A + Class B or Class B + Class B can be easily supported with the existing two CSI processes
Since the main goal is to reduce UE CSI reporting complexity, the UE is required to compute CSI for only one of the pair of processes at a time.  In order to inform the UE which CSI process to report on, one of the pair of processes is given a higher priority by being designated a ‘primary’ CSI process, while the other is a ‘subordinate’ CSI process.  As described in detail in [1], process pairs can be supported for both periodic and aperiodic reporting.
The benefits for this two process hybrid CSI reporting scheme are then: 
· They are quite straightforward to specify, as shown in the appendix.  Except for a new dropping rule, there is no change to PUCCH or PUSCH reporting.  No new PUCCH reporting types or payloads are needed, and there is no requirement to use PUCCH format 3.
· Any combination of Class A and B, codebook, codebook Config, and number of CSI-RS ports can be used.

· A full CSI report is available for both sets of CSI-RS resources.  The eNB need not wait for the UE to compute CSI for both resources prior to receiving RI or CQI.
· Support for Rel-14 advanced CSI eMIMO-types can be straightforwardly added.  
2.2 Hybrid CSI with TM9 reporting
There are a variety of alternatives to support TM9 similar to the above process pair approach: TM9 reporting with process pairs, with primary and secondary CSI resource pairs, and with different resources for periodic and aperiodic reporting.  We consider each of these in the following:
2.2.1 TM9 with Primary and Subordinate Resources vs. Processes
A primary and subordinate CSI process pair has the same CSI calculation complexity as a single CSI process, given that their CSI-RS ports are quasi-collocated.  Therefore, TM9 capable UEs should be able to support subordinate CSI processes from a processing power perspective.  However, Rel-13 specifications do not support multi-process TM9, and so some enhancement is needed.

TM10 is not solely defined by the use of multiple CSI processes: the use of IMRs, QCL properties, etc. are also used by TM10.  36.213 already defines a CSI process for TM9, and so it is relatively straightforward to define a CSI process pair for TM9 in 36.213.  However, defining process pairs for TM9 is probably overkill just to enable hybrid reporting, especially if the definition of CSI processes has to change across many specifications.
A slight variation on the two CSI process approach is to define primary and subordinate CSI-RS resources for one CSI process.  Here, a UE is configured with primary and subordinate CSI resource configurations associated with each of the eMIMO-types, and the UE calculates CSI corresponding to only one of the CSI-RS configurations at a time.  
The figure below illustrates this resource-pair approach using periodic CSI reporting timing, showing how CSI reporting and calculation can be performed for only one of the primary or subordinate CSI resources at a time.  In this example, 32 port CSI-RS transmission for the primary CSI resource occurs once every 80 subframes, whereas a 2 port CSI-RS resource is transmitted once every 5 subframes for the subordinate CSI resource.  Note that the reference resource is shown, and the actual CSI-RS transmission may be in the same or a different subframe than the reference resource.  Periodic CSI reporting using RI, PMI, and CQI is shown for the sake of example.  The 32 port codebook based reporting is assumed to have the same structure as LTE Rel-13 16 port reporting, wherein PUCCH transmissions in a subframe contain either RI, i11 and i12, or i2 and CQI, and i2 and CQI is time multiplexed with i11 and i12 in subframes labeled with ‘PMI, (CQI)’.  The 2 port reporting transmissions in a subframe contain either RI or PMI and CQI.  

One difference from the CSI process pair approach is that since one CSI process is used, a new way is needed to multiplex the CSI reports for the primary and subordinate CSI into the single PUCCH reporting configuration for the CSI process.  For simplicity, we consider the case where a single CQI/PMI/RI/CRI timing is used, so Rel-13 timing configurations can be used.  The UE reports only the CSI associated with the primary CSI-RS resources if the reference resource for the primary CSI resources occurs in the subframes between the subordinate CSI report and the reference resource for the subordinate CSI report.  This is illustrated in the figure where the primary report falls in the same subframe as the secondary report, and so replaces the subordinate report in subframes 4,5 and 84,85.     
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Figure 1: Hybrid Periodic CSI Reporting Using a Resource Pair

We observe that resource pairs for TM9 are complementary to CSI process pairs for TM10.  Primary and subordinate CSI processes allow straightforward specification of hybrid CSI with reduced CSI computation complexity for multi-process aperiodic reporting.  On the other hand, resource pairs allow more straightforward support of TM9.  Note that CSI process and resource pairs can be supported with very little specification effort.  This is illustrated in the Appendix, where changes in 36.213 for CSI process pairs are shown in red, while for resource pairs changes are blue.
2.2.2 Hybrid CSI Aperiodic Reporting in TM9

Given that a UE is configured with two CSI-RS resources for each of two eMIMO-types in a CSI process, it can be possible to report aperiodic CSI for either CSI-RS resource.  In Rel-13, a UE computes CSI for periodic and aperiodic reporting on one resource at a time, and so aperiodically reporting on a different resource than the resource used for periodic reporting would involve more UE computational effort.  On the other hand, periodic reporting has extremely limited payload sizes, and restricting aperiodic reporting to only one of the eMIMO-types severely limits the information available at eNB for the eMIMO-type when only one CSI process is available.  For example, a slow moving Class A UE may be best served based on subband PMI from aperiodic CSI reports in subframes when many CSI-RS ports are present.  Since many CSI-RS ports with periodic reporting are often considered for the first eMIMO-type, additional support for aperiodic CSI for the first eMIMO-type could better serve such UEs.  We also note that supporting different CSI reporting parameters for aperiodic and periodic CSI reporting will have minimal specification impact: it may be enough to have distinct RRC parameter sets for aperiodic and periodic reports for each eMIMO-type.
Observations:

· When one CSI process is configured, allowing eNB to configure different CSI-RS resources for periodic and aperiodic reports:

· Potentially increases UE reporting complexity

· Enables significantly higher resolution CSI reporting
· Has minimal specification impact; RRC signaling alone may be sufficient
One way to obtain the improved performance of distinct periodic and aperiodic CSI reporting configurations without extra UE complexity is to use the primary and subordinate resource approach above.  One of the two eMIMO-types is designated as the primary eMIMO-type, while the other eMIMO-type is ‘subordinate’.  When the CSI-RS resources are close in time, the UE computes aperiodic CSI for the primary eMIMO-type (instead of for the subordinate eMIMO-type), using the approach above for hybrid CSI reporting using resource pairs.
Proposals:
· Allow two different CSI-RS configurations for TM9, for periodic and aperiodic CSI reporting, respectively
· One CSI-RS configuration is ‘primary’, while the other is ‘subordinate’

· UE calculates CSI for only one resource of the pair at a time, updating the ‘primary’ CSI 

2.3 Hybrid CSI Reporting Combinations and Use Cases
Quite a few combinations of single CSI process reporting are under consideration following RAN1#85 [2], as seen in the hybrid CSI-RS conclusion, copied below.  Even within one ‘mechanism’ there are often many different options requiring different CSI to be reported for the different eMIMO-types.
Conclusion:

· Candidate mechanisms to consider in RAN1#86

· Mechanism 2A: for hybrid CSI with one CSI process, support CLASS B with K≥1 CSI-RS resources for the 1st eMIMO-Type and CLASS B with K=1 CSI-RS resources for the 2nd eMIMO-Type

· For the 1st eMIMO-Type, depending on the value of K

· K=1: CQI/RI are reported. In addition, i1 is reported for Rel.12 dual-stage codebooks 

· K>1: two options

· Option 1: CRI is reported

· Option 2: PMI/RI for each CSI-RS resource are reported 

· For the 2nd eMIMO-Type

· CQI/PMI/RI are reported

· Mechanism 2B: for hybrid CSI with one CSI process, support CLASS B with K≥1 CSI-RS resources for the 1st eMIMO-Type and CLASS B with K=1 CSI-RS resources for the 2nd eMIMO-Type

· For the 1st eMIMO-Type, depending on the value of K

· K=1: 

· Option 1: i1 is reported for Rel.12 codebooks (when applicable) or i2 for Rel.13 CLASS B codebooks

· Option 2: CQI/RI are reported. In addition, PMI is reported for Rel.13 CLASS B codebooks 

· K>1: two options

· Option 1: CRI is reported

· Option 2: PMI/RI for each CSI-RS resource are reported 

· For the 2nd eMIMO-Type

· CQI/PMI/RI are reported

· Mechanism 3:  for hybrid CSI with one CSI process, CLASS A or CLASS B K=1 for the 1st eMIMO-Type and CLASS B K>1 for the 2nd eMIMO-Type

· For the 1st eMIMO-Type: i1 is reported 

· For the 2nd eMIMO-Type:  two options

· Option 1: CRI and CQI/PMI/RI for the recommended CSI-RS resource are reported

· Option 2: CQI/PMI/RI for a CSI-RS resource 

· Mechanism 4: Hybrid CSI reporting with CSI process pair 

· UE calculates CSI for only one CSI process at a time

· Mechanism 5: the proposal in R1-165617
· Other mechanisms are not precluded

· Down select from the above mechanisms and/or options in RAN1#86
· Each proposal should include clear description on use case(s) and specification impact

· For CLASS B K=1, proponent needs to clarify whether both codebook options are applicable for not.
From these, we make the following observations.  Note that we use the notation from the RAN1#84b discussion, where the number of CSI-RS resources in the first and second eMIMO-type are K1, and K2, respectively.
Many of the ‘mechanisms’ are comprised of a variety of options and configurations.  In our understanding, this drove the conclusion to downselect shown above.  

Mechanisms 2A, 2B, and 3 all seek to optimize CSI reporting, but for different CSI reporting combinations. The variety of options seems to suggest different use cases:
· If K1=1, the UE is not required to support as many CSI-RS ports compared to K1>1.  This may allow some reduction in peak UE CSI reporting complexity, since K1 resource computation is similar to K1 CSI processes.  However, this is highly dependent on UE implementation, and complexity analyses have not been presented in RAN1. 
· If K1>1, more CSI is available as compared to K1=1.  
· If all ports are to be measured, CRI may be reported.  This is a straightforward extension of Rel-13 CSI feedback, and allows direct measurement of all antenna ports in all K resources.

· Alternatively, it is proposed to report PMI/RI for each CSI-RS resource. This may facilitate measuring part of the CSI-RS ports in the array to determine precoding to use for the whole array (‘partial port mapping’).  As such, even fewer resources may be required than CRI based reporting with K resources.  However, reporting multiple PMI reports for the first eMIMO type is a much bigger step, and will likely have significant specification impact.  Having UE measurements of only a subset of the array also implies that there is less direct measurement of channel state information as well as the requirement to have more tightly calibrated eNB transmit chains.  
· If K2>1, more CSI is available as compared to K2=1
· The eNB may use the first eMIMO-type to determine the subset of resources the UE measures in the second eMIMO-type.  This may allow UEs with smaller K capabilities to be assigned better subsets of a large set of K resources.

Mechanisms 4 and 5 seem quite compatible with this diversity of use cases.  Both allow for highly flexible, independent configuration of CSI reporting with different CSI-RS resources using simple mechanisms:
· Mechanism 4 enables the UE to report CSI with the complexity of a single CSI process, while having the full reporting flexibility of two CSI processes for the eMIMO-types
· Mechanism 5 enables more flexible reporting between PUCCH and PUSCH, enabling richer CSI combinations for the first and second eMIMO-type.
· Both mechanism 4 and 5 can be specified with little effort, without defining new PUCCH reporting types or timing, etc.
Observations:

· There is RAN1 interest in many, diverse, potential use cases and implementations of hybrid CSI-RS reporting 
· Implementations using different combinations of K1 & K2 CSI-RS resources
· CQI reporting with the first eMIMO-type, or only with the second

· Methods allowing selection of resources within K2 CSI-RS resources
· Techniques to reduce UE measurements of K1 & K2 CSI-RS resources

· Configurations enabling subsets of ports or beams to be measured per subframe
· Mechanisms 2A, 2B, and 3

· Optimize CSI reporting for particular, limited, combinations

· Mechanisms 4 and 5 

· Enable this diversity of use cases and implementation

· Require very little specification effort

Given this diversity of use cases, it is clearly infeasible to optimize combinations of CQI/PMI/CRI for the two eMIMO types.  Furthermore, as has been shown in [3]

 REF _Ref458788190 \r \h 
[4], the performance benefits are in certain scenarios that are not too widespread in Rel-14.  Given the performance benefits, the approach best meeting these differing needs is a general structure with minimum specification impact.
Proposals:

· Hybrid CSI reporting with CSI process or resource pairs is supported 

· TM10 UEs support process pairs; TM9 UEs support resource pairs

· For TM9, different CSI-RS resources and/or CSI reporting configurations can be used for PUCCH and PUSCH
· UE calculates one CSI report for only one process of a pair, or resource of a pair, at a time 
· TM10 can be configured with multiple process pairs 
· Rel-13 CSI process configurations are supported

· A report for either eMIMO-type can contain any Rel-13 CSI, including e.g. CQI, PMI, and RI
· Mechanisms/options that restrict what CQI/RI/PMI/CRI is reported per eMIMO-type are minimized, preferably to:

· Hybrid CSI reporting with one CSI process, where:

· Class A reporting in the first eMIMO-type
· Class B K=1 in the second eMIMO-type

3 Conclusion
Quite a few combinations of single CSI process reporting are under consideration following RAN1#85 [2].  This contribution has considered the merits of one and two process mechanisms to support hybrid operation, paying particular attention to use cases and relative specification impact.  We found that there were a wide variety of use cases, and some large variation in the specification impact of the corresponding mechanisms.
Observations:

· There is RAN1 interest in many, diverse, potential use cases and implementations of hybrid CSI-RS reporting 

· Use cases target different eNB implementations, UE complexity simplifications, and/or CSI-RS overheads

· Many different CSI reporting combinations are proposed to support these use cases

· Mechanisms 2A, 2B, and 3

· Optimize CSI reporting for particular, limited, combinations

· Mechanisms 4 and 5 

· Enable this diversity of use cases and implementation

· Require very little specification effort

Proposals:

· Hybrid CSI reporting with CSI process or resource pairs is supported 
· TM10 UEs support process pairs; TM9 UEs support resource pairs

· For TM9, different CSI-RS resources and/or CSI reporting configurations can be used for PUCCH and PUSCH
· UE calculates one CSI report for only one process of a pair, or resource of a pair, at a time 
· TM10 can be configured with multiple process pairs 
· Rel-13 CSI process configurations are supported

· A report for either eMIMO-type can contain any Rel-13 CSI, including e.g. CQI, PMI, and RI
· Mechanisms/options that restrict what CQI/RI/PMI/CRI is reported per eMIMO-type are minimized, preferably to:

· Hybrid CSI reporting with one CSI process, where:

· Class A reporting in the first eMIMO-type
· Class B K=1 in the second eMIMO-type
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Appendix: 36.213 Changes for Hybrid CSI with Process and Resource Pairs

7.2.1
Aperiodic CSI Reporting using PUSCH
(--------------------------------Unchanged Text Omitted--------------------------------(
A UE is not expected to receive more than one aperiodic CSI report request for a given subframe.

If a UE is configured with more than one CSI process for a serving cell, the UE on reception of an aperiodic CSI report request triggering a CSI report according to Table 7.2.1-1B is not expected to update CSI corresponding to the CSI reference resource (defined in subclause 7.2.3) for all CSI processes except the 
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 lowest-indexed CSI processes for the serving cell associated with the request when the UE has 
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 unreported CSI processes associated with other aperiodic CSI requests for the serving cell, where a CSI process associated with a CSI request shall only be counted as unreported in a subframe before the subframe where the PUSCH carrying the corresponding CSI is transmitted, 
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is the number of CSI processes configured with a 'Primary CSI process', and 
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if the UE is configured with four CSI processes for the serving cell , 
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if the UE is configured with two or three CSI processes for the serving cell, 
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If a UE is configured with multiple cell groups, and if the UE receives multiple aperiodic CSI report requests in a subframe for different cell groups triggering more than one CSI report, the UE is not required to update CSI for more than 5 CSI processes from the CSI processes corresponding to all the triggered CSI reports.
If a UE is configured with a PUCCH-SCell, and if the UE receives multiple aperiodic CSI report requests in a subframe for both the primary PUCCH group and the secondary PUCCH group triggering more than one CSI report, the UE is not required to update CSI for more than 5 CSI processes from the CSI processes corresponding to all the triggered CSI reports, in case the total number of serving cells in the primary and secondary PUCCH group is no more than 5. If a UE is configured with more than 5 serving cells, and if the UE receives aperiodic CSI report request in a subframe triggering more than 
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 CSI processes from the CSI processes corresponding to all the triggered CSI reports, where the value of 
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is the number of CSI reports for processes configured with a 'Primary CSI process'.
Table 7.2.1-1A: CSI Request field for PDCCH/EPDCCH with uplink DCI format in UE specific search space

	Value of CSI request field
	Description

	'00'
	 No aperiodic CSI report is triggered

	'01'
	 Aperiodic CSI report is triggered for serving cell 
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	'10'
	 Aperiodic CSI report is triggered for a 1st set of serving cells configured by higher layers

	'11'
	 Aperiodic CSI report is triggered for a 2nd set of serving cells configured by higher layers


(-----------------------------Unchanged Text Omitted-----------------------------------(
7.2.3
Channel Quality Indicator (CQI) definition
(--------------------------------Unchanged Text Omitted--------------------------------(
A subframe in a serving cell shall be considered to be a valid downlink or a valid special subframe if:

-
it is configured as a downlink subframe or a special subframe for that UE, and

-
in case multiple cells with different uplink-downlink configurations are aggregated and the UE is not capable of simultaneous reception and transmission in the aggregated cells, the subframe in the primary cell is a downlink subframe or a special subframe with the length of DwPTS more than 
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, and
-
except for transmission mode 9 or 10, it is not an MBSFN subframe, and
-
it does not contain a DwPTS field in case the length of DwPTS is 
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 and less, and

-
it does not fall within a configured measurement gap for that UE, and

-
for periodic CSI reporting, it is an element of the CSI subframe set linked to the periodic CSI report when that UE is configured with CSI subframe sets, and

-
for a UE configured in transmission mode 10 with multiple configured CSI processes, and aperiodic CSI reporting for a CSI process, it is an element of the CSI subframe set linked to the downlink or special subframe with the corresponding CSI request in an uplink DCI format, when that UE is configured with CSI subframe sets for the CSI process and UE is not configured with the higher layer parameter csi-SubframePatternConfig-r12, and
-
for a UE configured in transmission mode 1-9, and aperiodic CSI reporting, it is an element of the CSI subframe set associated with the corresponding CSI request in an uplink DCI format, when that UE is configured with CSI subframe sets by the higher layer parameter csi-SubframePatternConfig-r12, and
-
for a UE configured in transmission mode 10, and aperiodic CSI reporting for a CSI process, it is an element of the CSI subframe set associated with the corresponding CSI request in an uplink DCI format, when that UE is configured with CSI subframe sets by the higher layer parameter csi-SubframePatternConfig-r12 for the CSI process. 
-
except if the serving cell is a LAA Scell, and at least one OFDM symbol in the subframe is not occupied.

-
except if the serving cell is a LAA Scell, and 
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as described in sub clause 6.10.1.1 in [3].
If there is no valid downlink or no valid special subframe for the CSI reference resource in a serving cell, CSI reporting is omitted for the serving cell in uplink subframe n. 

For serving cell 
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, if a UE is configured in transmission mode 10 with PMI/RI reporting and with a 'Primary CSI process' for a CSI process, CSI reporting for the CSI process is omitted if the reference resource for the ‘Primary CSI process' occurs during subframes n-nCQI_ref  up to and including subframe n.
For serving cell 
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, if a UE is configured in transmission mode 9 with PMI/RI reporting and with a 'Primary CSI resource' for a CSI process, CSI reporting for the CSI process is omitted if the reference resource associated with the the ‘Primary CSI process' occurs during subframes n-nCQI_ref  up to and including subframe n.
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