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1 Introduction
In Madrid #62 meeting, it was decided 

· 2Tx Rel.10 codebook is the 2Tx Rel.8 codebook

· 4Tx Rel.10 codebook is the 4Tx Rel.8 codebook

· 2 & 4 Tx Rel.10 CQI, and if possible PMI/RI, feedback accuracy is to be enhanced in a straightforward way targeting both MU-MIMO and SU-MIMO improvement, taking the performance/overhead tradeoff into account
· 8 Tx Rel.10 CQI (at least) feedback accuracy is to be enhanced in a straightforward way targeting both MU-MIMO and SU-MIMO improvement, taking the performance/overhead tradeoff into account
The current contribution provides details on how to enhance CQI feedback accuracy in Rel. 10.

Multiple components report has drawn some attention in LTE-A for its benefits to enhance the dynamic switching between SU and MU-MIMO, as stated by the following proposal [1]:
· Two feedback PMI/CQI/RI reports are supported for enhancing SU/MU-MIMO dynamic switching 

· One feedback report targets SU-MIMO operation with Rel-8 type CQI/PMI/RI feedback

· The other feedback report targets MU-MIMO operation with modified Rel-8 type of feedback, for example: 

· Rel-8 type CQI/PMI/RI with restricted  rank

· Includes one or a set of best companion PMI/CQI in addition to preferred CQI/PMI/RI 

· These two reports can be multiplexed in time

· Detailed configuration and multiplexing of these reports are FFS 

In the past few meetings, many contributions addressed the issue of CQI enhancements.

In [2], it is shown that the indication of the expected total number of layers to a user together with a suggested rank can substantially reduce the CQI mismatch as the UE can partially account for inter-layers interference at the time of CQI report. In [3], similar observations were drawn. Additional best companion feedback seems to mitigate CQI mismatch and to provide reasonable performance gain considering additional feedback overhead. On top of the best companion feedback, reference rank indication and large codebook size provide reasonable additional performance gain. A UE can calculate CQI level based on reference rank assumption. By adopting this information, the co-channel interference can be taken into account for CQI estimation and other cell interference as well. 

In [4-5], a low-complexity feedback and pairing scheme based on pre-assigned companion codeword is described. A pre-assigned companion codeword is motivated by the fact that Rel. 8 rank-1 codebook is made of orthogonal vectors. It is shown that orthogonal codewords have a much larger chance to be selected as a best companion. Hence,  a UE would compute one or a set of best companion CQI based on the pre-assigned companion sets and would not the report the best companion PMI. In [6], similar views as in [4-5] are provided. A delta-CQI could be reported for all potential pairing entries of a codebook. However, in order to arrive at a realistic feedback rate, the subset of companion PMIs for which delta-CQI is reported for each PMI should be kept small – i.e. just the indices which offer the highest probability to provide a good pairing combination. Those set of fixed companions per PMI can be pre-computed and stored in a table. If the set of fixed companions per PMI depends only on the codebook, it could simply be specified and thus known to both the UE and the eNodeB. 
In [10], two different techniques were proposed to improve the dynamic switching between SU and MU-MIMO: best companion CQI (along the lines of [4-6]) and time multiplexing of rank restricted and rank non-restricted feedback [7,8]. It was shown that the gain achieved by those techniques mainly come from a better scheduling flexibility at the eNB and a better MU-CQI prediction
This contribution tries to provide a unified picture accounting for the benefits of those 3 approaches. 
2 Multi-Component Feedback 

A typical report consists in RI/PMI/CQI assuming SU-MIMO transmission. This is the baseline report and can be denoted as the SU MIMO report. On top of that report, we can add some information in order to enhance the dynamic switching between SU and MU-MIMO. Such information is denoted as MU MIMO report. There are typically two ways to enhance the dynamic switching (and therefore to feedback the MU-MIMO report):

· In rank restricted SU-MIMO feedback, the UE is constrained to report SU-MIMO feedback information but with a constrained on the maximum reported rank. In this way, the network will be able to obtain higher resolution feedback of the principal channel directions. For example, both rank 1 and rank 2 SU-MIMO PMI/CQI/RI feedback could be used to generate precoding information and MU-CQI predication at the network side for potential MU-MIMO operation. Time multiplexing of a SU-MIMO component without rank restriction and a SU-MIMO component with restricted rank (in order to improve MU-MIMO performance) can be performed in order to accommodate both components reports. Here is an example of time-multiplexing of two components [7-8]
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· Best-companion PMI/CQI feedback can be used to provide enhanced feedback support for MU-MIMO. Essentially, the best-companion PMI tells eNB about the null-space of the particular UE and this information could be helpful in generating MU-MIMO precoding at the eNB. For a given number of interfering layers, the best companion CQI(s) accounts for the inter-user interference assuming that the best companion PMI(s) are used as the precoders for the interfering layers/users. Alternatively, instead of sending the additional PMI as best-companion PMI to describe the null-space, UE could also send the additional PMI to better describe the signal space. Given that in most scenarios, the best companion PMI is orthogonal to the reported PMI (the classical SU-MIMO PMI), the CQI can be computed assuming that users are assigned on orthogonal precoders. In such scenario, the best companion PMI may not be reported but only the best companion CQI(s) are reported. Hence on top of the classical SU-MIMO RI/PMI/CQI, some additional best companion CQI computed assuming orthogonal precoders are reported [4-6,10].

For both techniques, the CQI could be computed assuming a certain transmission rank (i.e. the actual number of layers that the eNB expects to send), denoted as the reference rank [2-3]. Such rank could be indicated on the DL to help the UE to report the appropriate information.
3 A unified CQI enhancement 
3.1  RI and reference rank-dependent feedback report

The two aforementioned techniques, namely rank restricted report and best companion CQI target different scenarios depending on the reference rank as observed in Figure 1. Note that the reference rank is the actual number of layers that the eNB expects to send:
· When the reported SU-MIMO RI is larger than the reference rank, it means the network may only want to acquire the channel state information related to the major principal eigen-directions (defined by the reference rank) instead of that related to all the principal eigen-directions. This scenario will happen if the network decides to perform MU-MIMO operation other than SU-MIMO operation. Under this situation, rank restricted SU-MIMO feedback can be utilized to better report the major principal eigen-directions of the channel. Indeed, the rank restricted feedback tries to cope with the fact that the SU-MIMO PMI quantizes a large space and its columns do not necessarily approximate accurately the dominant eigenvector of the space.
· When  the reported SU-MIMO RI is smaller than the reference rank, it means that the network may want to co-schedule the UE with other UEs. By making some guess on the most appropriate co-scheduled interfering precoder, the UE can incorporate such interference in the best companion CQI. Given that statistically the best companion PMI is orthogonal to the reported SU MIMO PMI, the best companion may not be reported. Only the best companion CQI is reported assuming orthogonal precoders. Hence no additional PMI could be reported when RI < reference rank but a PMI should be reported when RI > reference rank.

This suggests that we could accommodate those 2 techniques and report different information depending on the values of RI and the reference rank, i.e.

· for RI > reference rank, the UEs reports a restricted rank feedback component containing optionally a rank indicator that is smaller or equal to the restricted rank (in the case where we mandate the UE to report information inline with the reference rank, the MU MIMO report does need to contain a RI), a PMI and one or multiple CQI (depending on the number of codewords). Such report is similar to a SU-MIMO report but where the reported rank of that report is smaller than the reference rank.

· For RI < reference rank, the UEs reports one or multiple best companion CQI(s) assuming the precoders used to schedule layers/UEs are orthogonal to each other. No additional PMI is reported on top of the SU-MIMO report.

· For RI=reference rank, the UE does not need to feedback MU-MIMO report
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Figure 1. operational regions of “rank restricted feedback” and “best companion CQI”.
Proposal 1:

· Enable a DL indication of a reference rank or predefined a reference rank

· Report a restricted rank feedback component if RI > reference rank
· Report a best companion CQI if RI < reference rank assuming the precoders (best companion PMIs) used to schedule layers/UEs are orthogonal to each other
3.2  Best companion CQI report
As mentioned before, while computing the best companion CQI, the UE would therefore assume that its beamformer consists in the reported PMI and that the co-scheduled users beamformers are orthogonal to the reported PMI. The motivation for such an assumption is that from a statistical point of view, UEs with orthogonal reported PMI would be scheduled more often together. Hence, most of the time, the best companion PMI is orthogonal to the reported PMI, as it was shown in [4-5]. The orthogonal beams assumed while computing the best companion CQI should be defined at the UE. Relying on Rel. 8 4Tx codebook, two methods are possible:
1) Method 1: A rank 1 PMI is the first column of a rank 2, 3 and 4 PMI. Hence the unitary matrices could just consist in the rank 2, 3, or 4 SU-MIMO codebook. 
· For RI=1, the UE selects a PMI in rank-1 codebook. For a given reference rank, the best companion PMI are the columns of the precoder whose first column is equal to the selected PMI in rank-1 codebook. For each SU-MIMO rank-1 PMI, the best companion PMI(s) is (are)

· for reference rank=2, the second column of the rank-2 PMI whose index is the same as the selected rank-1 PMI
· for reference rank=3, the second and third columns of the rank-3 PMI whose index is the same as the selected rank-1 PMI
· for reference rank=4, the second, third and fourth columns of the rank-4 PMI whose index is the same as the selected rank-1 PMI

· For RI=2, for each column of the rank-2 PMI, we can define a best companion CQI where the best companion PMI(s) are orthogonal to that column. Given the nested property of Rel. 8 codebook, the first column of a rank-2 PMI in rank-2 4Tx LTE codebook is the same as the rank-1 PMI. Hence the best companion index for the first column of a rank-2 PMI can re-use the outputs of the discussion of RI=1. We provide below the best companion index for the second column of the rank-2 PMI.
· With a reference rank=3, for each SU-MIMO rank-2 PMI, we can identify and predefine the 2 best companion PMI to be used for CQI computation:

· the first best companion PMI is the column of the rank-2 PMI with the smallest CQI

· the second best companion PMI is the column of the rank-3 PMI whose index is the same as the SU-MIMO rank-2 PMI but that is not included in the rank-2 PMI
· With a reference rank=4, for each SU-MIMO rank-2 PMI, we can identify and predefine the 3 best companion PMI to be used for CQI computation:

· the first best companion PMI is the column of the rank-2 PMI with the smallest CQI

· the second and third best companion PMI are the columns of the rank-4 PMI whose index is the same as the SU-MIMO rank-2 PMI but that are not included in the rank-2 PMI
· RI>2: not much gain is expected from best companion CQI when RI is large. Hence it is preferable to restrict the report of a best companion CQI when RI=1 and 2.
2) Method 2: The rank 1 codebook can also be organized into 4 orthogonal matrices. A rank 1 PMI is orthogonal to 3 other orthogonal PMI, as explained in [4-5]. Hence, the unitary matrices could be build based on those orthogonal PMI as well. Here is an example on how to pre-define the best companion PMI as a function of the index of the reported PMI for Method 2.

· RI=1:
· reference rank=1: useless to report a best companion CQI

· reference rank=2

	Codeword index
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16

	Best Companion index
	3
	4
	1
	2
	7
	8
	5
	6
	12
	11
	10
	9
	14
	13
	16
	15


· reference rank=3

	Codeword index
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16

	Best Companion index
	2,3
	3,4
	4,1
	2,3
	6,7
	7,8
	8,5
	5,6
	10,11
	11,12
	12,9
	9,10
	14,15
	15,16
	16,13
	13,14


· reference rank=4

	Codeword index
	1
	2
	3
	4
	5
	6
	7
	8

	Best Companion index
	2,3,4
	3,4,1
	4,1,2
	1,2,3
	6,7,8
	7,8,5
	8,5,6
	5,6,7


	Codeword index
	9
	10
	11
	12
	13
	14
	15
	16

	Best Companion index
	10,11,12
	11,12,9
	12,9,10
	9,10,11
	14,15,16
	15,16,13
	16,13,14
	13,14,15


· RI=2: For RI=2, whenever a UE reports a SU-MIMO report made of a PMI and 2 CQI (one for each codeword), the UE could be scheduled either in SU-MIMO rank 2, in MU-MIMO with one layer (relying most probably on the column of the PMI corresponding to the largest CQI) or MU-MIMO with 2 layers for that UE. Given the nested property, the first column of a rank-2 PMI in rank-2 4Tx LTE codebook is the same as the rank-1 PMI. Hence the best companion index for the first column of a rank-2 PMI can re-use the tables discussed before for RI=1. We provide below the best companion index for the second column of the rank-2 PMI
· reference rank=3

	Rank-2 Codeword index
	1
	2
	3
	4
	5
	6
	7
	8

	Best Companion index in rank-1 codebook
	12,9
	11,12
	12,9
	9,10
	5,7
	6,8
	6,7
	7,8


	Rank-2 Codeword index
	9
	10
	11
	12
	13
	14
	15
	16

	Best Companion index in rank-1 codebook
	2,3
	2,3
	10,11
	11,12
	15,16
	13,14
	14,15
	16,13


· reference rank=4

	Rank-2 Codeword index
	1
	2
	3
	4
	5
	6
	7
	8

	Best Companion index in rank-1 codebook
	12,9,11
	9,11,12
	12,9,10
	9,10,11
	1,5,7
	2,6,8
	6,7,8
	7,8,5


	Rank-2 Codeword index
	9
	10
	11
	12
	13
	14
	15
	16

	Best Companion index in rank-1 codebook
	2,3,4
	1,2,3
	10,11,12
	9,11,12
	13,15,16
	13,14,15
	14,15,16
	16,13,14


· RI>2: not much gain is expected from best companion CQI when RI is large. Hence it is preferable to restrict the report of a best companion CQI when RI=1 and 2.
Based on the SU-MIMO PMI and the best companion PMI, the UE can build the matrix Vg=[SU-MIMO PMI, best companion PMI(s)]. At the time of measurement, the UE calculates the best companion CQI as the SINR the first column of Vg assuming that the other columns of Vg are interfering precoders, e.g. as follows for the receiver k, where R is the reference rank
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where b is the receive beamforming vector such as MMSE and Vg(m) is the mth column vector of unitary matrix Vg. P is the total transmit power respectively. We assume equal power allocation among streams and a unit power noise.
Note that, it has been observed that in 4Tx system level evaluations, a UE has more chance to be scheduled in MU-MIMO with 1 layer per UE based on the column of the PMI corresponding to the largest CQI. In order to reduce any overhead, we could only report the best companion CQI of the layer corresponding to that column (i.e. the column with the highest CQI) when the best companion PMI(s) are orthogonal to that column. 

Proposal 2: For the best companion CQI feedback component, define a table for RI=1 and 2 and 4 > reference rank > RI of the assumed best companion PMI to be used at the time of best companion CQI computation in such a way that the SU-MIMO PMI and the assumed best companion PMIs are orthogonal to each other.
3.3  Rank restricted report
For the rank restricted report, i.e. MU-MIMO report, the UE reports a RI, CQI and PMI as in SU-MIMO, under the constraint that RI is smaller than the reference rank. 
3.4  Reporting mechanism on the PUSCH
Given the extra overhead required to report the multi-components, it is preferred to enable such report only on the PUSCH.

The classical PUSCH 3-2 mode consists in reporting in the same subframe

· multiple subband PMI (one per subband), 

· one wideband CQI per codeword, 

· multiple differential (w.r.t to the wideband CQI) subband CQI (per subband and per codeword).

In [11], it is shown that the classical PUSCH 3-2 does not provide significant gain over PUSCH 3-1 but significantly increases the overhead. This is partially due to the fact that the CQI and PMI reported in the classical PUSCH 3-2 targets SU-MIMO and therefore do not help much MU-CQI prediction and MU scheduling. 

In order to improve PUSCH 3-2 and accommodate the report of the best companion CQI and rank restricted feedback, a modified PUSCH 3-2 mode could be introduced (rather than the classical PUSCH 3-2) as follows.
Modified PUSCH 3-2 mode to enable best companion CQI feedback (i.e. when reference rank is larger than the reported RI)
The report in the same subframe includes 

· multiple subband PMI (one per subband), 

· one wideband CQI per codeword, 

· multiple differential (w.r.t to the wideband CQI) best companion subband CQI (per subband).

Hence contrary to the original PUSCH 3-2, the subband CQI is replaced by a best companion subband CQI. The overhead of the modified PUSCH 3-2 is similar to the overhead of the classical PUSCH 3-2. 
It has to be noted that the report of the subband best companion CQI is to help MU-MIMO CQI prediction and scheduling [10]. SU-MIMO can always be performed by relying on the wideband CQI and the multiple subband PMI as it would be done in PUSCH 1-2. 
Modified PUSCH 3-2 mode to enable rank restricted feedback (i.e. when reference rank is smaller than the reported RI)

The report in the same subframe includes 

· multiple rank-restricted subband PMI (one per subband), 

· one rank-restricted wideband CQI per codeword, 

· multiple rank-restricted differential (w.r.t to the rank-restricted wideband CQI) subband CQI (one per subband and per codeword).
The overhead of the rank restricted feedback in PUSCH 3-2 is the same as the classical PUSCH 3-2 mode except that the CQI/PMI/RI feedback are under rank restriction.
Proposal 3: Introduce a modified PUSCH 3-2 in order to accommodate best companion CQI and rank restricted feedback
4 SLS Performance Evaluations
We investigate the use of such best companion CQI when MU-MIMO based on ZFBF with one layer per UE is performed at the UE and compare with SU-MIMO CQI calculation methods. We assume in those evaluations that the reference rank (number of co-scheduled layers assumed at the time of CQI computation) is equal to the number of transmit antennas, i.e. 4. 

Simulation assumptions are detailed in Table 1. Performance evaluation of ZFBF in correlated (0.5 lambda spacing and 8 degrees angle spread) and uncorrelated (4 lambda spacing and 15 degrees angle spread) channels with Rel. 8 4bit codebook is displayed. Given that the performance of such schemes may rely on the link adaptation and the assumptions on how measure interference and compute CQI, we perform evaluations with two kinds of interference measurement at the time of CQI calculation:

· Subcarrier based interfering CSI-RS measurement refers to the optimum case where the UE is able to measure the CSI-RS of all dominant interferers at the subcarrier level. Assuming identity matrix precoding for each interfering link, the UE is able to compute the interfering covariance matrix and use that information along with the assumed best companion PMI to perform MMSE filtering at the time of CQI calculation. 
· The long term interference measurement refers to the case where the UE is only aware of the long term average interfering power of the dominant interferers. MMSE filter is then build up assuming the inter-cell interference is a white noise process.
Table 1. 4x2 closely spaced single-polarized (ULA ||||->|| channels, 0.5λ antenna spacing, 8º angle spread)
subcarrier based interfering CSI-RS measurement

	MU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	SU-MIMO CQI
	3.1606
	0.1026

	Best companion CQI
	3.3999 (7.57%)
	0.1032 (0.58%)


Long term interference measurement

	MU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	SU-MIMO CQI
	3.0605
	0.0917

	Best companion CQI
	3.2096 (4.87%)
	0.098 (6.87%)


Table 2. 4x2 closely spaced single-polarized (ULA | | | |->|| channels, 4λ antenna spacing, 15º angle spread)
subcarrier based interfering CSI-RS measurement

	MU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	SU-MIMO CQI
	1.8239
	0.066

	Best companion CQI
	1.9933 (9.29%)
	0.071 (7.58%)


Observations: 

· All results show that a report of a best companion CQI is preferable than a SU-MIMO CQI when MU-MIMO is performed at the eNB. Note that the complexity of such best companion CQI is very small if the feedback relies on the Rel. 8 codebook.
· The performance gain is particularly significant in widely spaced antenna configurations, which is an important deployment scenario for operators [9]. 
SLS evaluations of the rank restricted feedback were provided in [10].
5 Conclusions
In this contribution, we discuss some CQI enhancements methods to improve the dynamic switching between SU and MU-MIMO. Our proposals are summarized as follow:

Proposal 1:

· Enable a DL indication of a reference rank or predefined a reference rank

· Report a restricted rank feedback component if RI > reference rank
· Report a best companion CQI if RI < reference rank assuming the precoders (best companion PMIs) used to schedule layers/UEs are orthogonal to each other
Proposal 2: For the best companion CQI feedback component, define a table for RI=1 and 2 and 4 > reference rank > RI of the assumed best companion PMI to be used at the time of best companion CQI computation in such a way that the SU-MIMO PMI and the assumed best companion PMIs are orthogonal to each other.
Proposal 3: Introduce a modified PUSCH 3-2 in order to accommodate best companion CQI and rank restricted feedback
The performance benefits of CQI enhancement methods are confirmed through SLS evaluations.
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7 Appendix: Simulation assumptions
	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Users per sector
	10

	Handover margin
	1dB

	Downlink transmission scheme
	4x2 MU-MIMO ZFBF with rank adaptation with 1 layer per UE

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain

The scheduler maximizes the sum of the PF metric of the co-scheduled users.

	Downlink link adaptation

	CQI and PMI 5ms feedback period

	
	1 PMI and 1 CQI feedback per subband (=4 consecutive RBs)

	
	6ms delay total (measurement in subframe n is used in subframe n+6)

	
	CQI measurement error: None

	
	PMI feedback error: 0% 

	
	MCSs based on LTE transport formats [36.213]

	
	Quantized CQI 4bit

	codebook
	Rel. 8 4 bit

	Allocation
	localized

	Total number of RB in one subframe
	52

	scheduling unit
	1 subband=4 consecutive RBs

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	8 ms delay between re-transmissions

	Downlink receiver type
	MMSE based on DM RS of serving cell and DM-RS of the 8 dominant interferers

	Data Channel Estimation
	Non-ideal channel estimation on CSI RS and DM RS

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	Vertically polarized antennas

	
	0.5 wavelength separation at UE

	
	Correlated channel: 0.5 wavelength separation  at basestation Uncorrelated channel: 4 wavelength separation  at basestation 
Single-polarized and dual-polarized arrays at the base station

	
	ideal antenna calibration

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

	
	Overhead of DM RS: RANK 1,2: 12 REs/RB/subframe, RANK 3,4: 24 REs/RB/subframe

	
	Overhead of CSI RS: 4 sets of CSI RS every 5 ms and 2RE/port/RB (This is, 4 Tx antenna case, 8 REs/RB per 5ms)

	
	Overhead of 2-ports CRS

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg

	Feeder loss
	0dB

	Channel model
	SCM urban macro high spread for 3GPP case 1, 3km/h

	
	Correlated channel: 8 degrees angle spread

Uncorrelated channel: 15 degrees angle spread

	Link error prediction technique
	MIESM (RBIR)

	Intercell interference modeling
	rank 2 transmission in interfering cells

	
	CQI calculated based on MMSE receiver assuming identity covariance matrix for the interferers


Table 1. System Level Simulation assumptions
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