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1 Introduction
MU-MIMO with non-codebook based precoding and DM-RS is a key feature of LTE-Advanced to improve system capacity as observed during the self-evaluations for ITU submissions. It enables the use of more advanced transmit filtering at the eNB and more advanced feedback mechanisms at the UE side. It significantly departs from the Rel. 8 codebook based precoding approach using CRS. While the exact eNB transmit filter design may be an implementation issue, an appropriate feedback mechanism has to be specified in order to fully benefit from the use of non-codebook based precoding.

The following was observed in the chairman’s notes of Jeju (#59) meeting: 
“Techniques based on Rel-8 CQI/PMI feedback extension to focus on and try to narrow down:

· PMI extensions:

· Multiple PMIs, e.g. addition of best companion, worst companion

· Feedback to accompany PMI e.g. long-term tx covariance

· Codebook enhancements:

· Adaptive / downloadable, based on e.g. antenna configuration, propagation environment

· differential codebook structures

· SRS-based enhancements

· CQI: modified CQI definitions (as addition to Rel-8 definition)
“.
In San Francisco (#60) meeting, some feedback framework relying on implicit feedback [1] was agreed for LTE-A. A precoder for a subband is composed of two matrices belonging to separate codebooks (that may or may not change over time and/or different subbands). One matrix targets wideband and/or long-term channel properties while the other matrix targets frequency-selective and/or short-term channel properties. The CQI is computed based on the assumption that eNodeB uses a specific precoder (or precoders).
This contribution proposes a modified definition of the CQI for MU-MIMO. In order to achieve significant gains with MU-MIMO, it is very important to have an accurate estimate of the CQI at the eNB. LTE CQI calculation for MU-MIMO is based on SU-MIMO rank 1 CQI and does not contain any information about interference due to the presence of co-scheduled users. In this contribution, we show that the CQI calculation as used in unitary precoding (i.e. assuming a unitary matrix as the eNB precoder) can be used in non-unitary precoding (e.g. ZFBF) to obtain significant gain over Rel. 8 CQI calculation. 
2 Unitary precoding CQI calculation 

In a unitary MU-MIMO, users are scheduled using a unitary precoding matrix. Even though unitary precoding may not be performed at the eNB (it is an implementation issue), the UE can assume unitary precoding at the time of CQI calculation. 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 eNB precoder can therefore simply be expressed as a unitary matrix where one of the columns is the reported PMI of the considered user. For each PMI in the codebook, a unitary matrix has to be build. Relying on Rel. 8 codebook for instance, a rank 1 PMI is the first column of a rank 4 PMI. Hence the unitary matrices just consist in the rank 4 SU-MIMO codebook. Let us denote by 
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such unitary precoding matrix. At the time of measurement, the UE calculates (using CSI RS) SINRs for all the PMI in the codebook. Assuming that the reported PMI is the first column of 
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, the SINR corresponding to that PMI assuming unitary precoding matrix
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at receiver k can be written as 
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where 
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is the receive beamforming vector such as MMSE and 
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 is the mth column vector of unitary matrix 
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 are the number of transmit antennas and total transmit power respectively. Given the unitary property, beamforming vectors 
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 are removed in the denominator. We assume equal power allocation among streams and a unit power noise.

One important aspect of the CQI calculation method in Rel. 10 is to enable dynamic SU/MU-MIMO switching. To that end, the SU-MIMO CQI and the unitary precoding based MU-MIMO CQI can be multiplexed in the time domain with different time scale as described in [1].
3 Performance Evaluation


We investigate the use of such unitary precoding CQI calculation in non-unitary precoding (e.g. ZFBF) and compare with other CQI calculation methods well known for non-unitary precoding [2-5]. In particular, we compare this unitary precoding CQI (UP CQI) with the following methods:
· Philips CQI: dominant eigenvector combiner with Philips CQI [2]
· LTE CQI: LTE rank 1 CQI [3]
· QBC CQI: Quantization-based combiner (QBC) with Philips CQI [4]
· MESC CQI: Minimum Effective SINR Combiner (MESC) [5]. MESC CQI is well known to provide excellent performance for ZFBF.

Simulations assumptions are detailed in table 1. Performance of ZFBF using those different CQI methods in correlated (0.5 lambda spacing and 8 degrees angle spread) and uncorrelated (4 lambda spacing and 15 degrees angle spread) channels with various feedback strategies (perfect CSI, adaptive codebooks [6] and Rel. 8 4bit codebook) and assumptions on the interference is displayed. We assume 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 
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(in the case of unitary precoding CQI) 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 interference is a white noise process.

All following results show that assuming unitary precoding in CQI calculation leads to the best performance (the same as MESC). Hence assuming unitary precoding when calculating the CQI can be used for both unitary and non-unitary precoding and achieves the best performance for both approaches. Moreover it can fully rely on the nested property of the Rel. 8 codebook structure.
Correlated channels (ULA 0.5λ antenna spacing, 8º angle spread)
subcarrier based interfering CSI-RS measurement
	
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI with LTE CQI
	3.9996
	0.1119

	Perfect CSI with UP CQI
	4.1054 (2.64%)
	0.1179 (5.36%)

	Adaptive codebook with LTE CQI
	3.8327
	0.1111

	Adaptive codebook with UP CQI
	3.9718 (3.63%)
	0.1148 (3.33%)

	LTE codebook with LTE CQI
	3.1606
	0.1026

	LTE codebook with UP CQI
	3.3999 (7.57%)
	0.1032 (0.58%)


* between brackets we indicate the relative gain of a specific feedback mechanism (e.g. adaptive codebook) combined with UP CQI w.r.t to the same feedback mechanism based on LTE CQI
Long term interference measurement
	
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	LTE codebook with LTE CQI
	3.0605
	0.0917

	LTE codebook with UP CQI
	3.2096 (4.87%)
	0.098 (6.87%)

	LTE codebook with QBC CQI
	2.9438
	0.0605

	LTE codebook with MESC CQI
	3.2149
	0.0968

	LTE codebook with Philips CQI
	3.1366
	0.0969


Uncorrelated channels  (ULA 4λ antenna spacing, 15º angle spread)
subcarrier based interfering CSI-RS measurement

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

	Perfect CSI with LTE CQI
	2.6552
	0.081

	Perfect CSI with UP CQI
	2.7854 (4.9%)
	0.0842 (3.95%)

	LTE codebook with LTE CQI
	1.8239
	0.066

	LTE codebook with UP CQI
	1.9933 (9.29%)
	0.071 (7.58%)

	differential codebook with LTE CQI
	2.1162
	0.0749

	differential codebook with UP CQI 
	2.309 (9.11%)
	0.0772 (3.07%)


4 Conclusions

In this contribution, we introduce some enhancements of the CQI definition for MU-MIMO in Rel. 10. The proposal consists in assuming unitary precoding at the time of MU-MIMO CQI feedback rather than relying on SU-MIMO rank 1 CQI as in Rel. 8. The proposal is shown to outperform Rel. 8 and other well known CQI calculation techniques. Gains of about 3 to 10% are observed for the cell average and cell edge throughput compared to Rel. 8 MU-MIMO CQI (based on SU-MIMO rank 1).
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6 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

	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]

	
	Unquantized CQI

	codebook

　
	Rel. 8 4 bit

	
	Adaptive codebook based on Rel. 8 codebook (feedback of long term correlation matrix every 480 ms)

	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
	Perfect 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 (uniform linear array)

Uncorrelated channel: 4 wavelength separation  at basestation (uniform linear array)

	
	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 4 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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