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1. Introduction

For 4Tx, it has been agreed that CQI enhancement is necessary (instead of PMI accuracy) to realize the potential gains of MU-MIMO [1-9]. To this end, it has been captured in Chairman’s notes that 

· 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
In [6], a way forward was proposed for PUSCH mode 3-1 that suggests MU CQI calculation assuming equal power allocation to the signal and each one of NT-1 interference layers. This proposal resembles our proposal in [7], except that in [7] the signal layer is assumed to have half the total transmit power while the NT-1 interference layers share the rest of the transmit power. 

The goal of this contribution is two-fold. First, evaluate the gains from MU CQI in PUSCH 3-1.  Second, compare the power allocation proposed in [7] to the one proposed in [6].

2. MU CQI Refinement

2.1. UE computation

Our proposal for CQI enhancement is to feedback rank=1 MU-CQI regardless of the reported rank. In addition, when the SU rank is greater than 1, a rank=1 MU PMI is added to the report. 

For rank=1, let v0 be the precoder corresponding to the SU-PMI. Then the UE computes the MU CQI assuming that the eNB transmits NT-1 interference layers with all the precoders being mutually orthogonal. The resulting receiver-dependent SNR can be generally written as 
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where KTotal is the effective noise covariance matrix (including the potential intra-cell interference), and  r is the ratio of power in the signal layer to the total transmit power as assumed by the UE. Note that the power allocation is  
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The MU CQI calculation is the same as for SU CQI except that an intra-cell interference covariance term is added to the noise covariance as follows:
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where KN captures the inter-cell interference and thermal noise, and S is the set of interfering precoders. When v0 and S together form an orthonormal basis, the interference covariance matrix can be written as 
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which is independent of the actual precoders in S. 

With the modified covariance matrix, the SNR is calculated similarly to the SU case, depending on the type of receiver.  For MMSE receiver
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while for MRC receiver, 
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Since the PMI is already available, the additional complexity for MU CQI calculation is (1/16)-th of the SU CQI calculation. This complexity can be further reduced by exploiting the intermediate results from SU CQI calculation; for example by using the already computed
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2.2. eNB Scheduling

The eNB estimates MU SNR from the reported MCS, correcting for the actual number of scheduled layers. E.g., when pairing two UE’s the eNB estimates the SNR by
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where  SNR(mu cqi) is the SNR corresponding to the reported MU-CQI.

In [6], r=0.25 was suggested as baseline. In the following section we study the performance benefits of the additional MU CQI over the baseline of SU CQI/PMI for MU-MIMO transmission, as a function of r.

2.3. Simulation Results

2.3.1. With OLLA

We compare MU performance for different values of r in the following table for MMSE receiver. Similar trends were observed for MRC receiver as well. 

	SCM 4x2 ULA, 0.5 Lambda
MUMIMO, PUSCH 3-1
	Low Spread
	High Spread

	SU PMI/CQI
	3.26/0.149
	2.96/0.127

	MU CQI r=0.25
	3.38/0.101
	3.05/0.085

	MU CQI r=0.50
	3.54/0.143
	3.27/0.116

	MU CQI r=0.75
	3.47/0.150
	3.21/0.125


	SCM 4x2 XPOL, 0.5 Lambda

MUMIMO, PUSCH 3-1
	Low Spread
	High Spread

	SU PMI/CQI
	2.47/0.102
	2.37/0.095

	MU CQI r=0.25
	2.42/0.066
	2.26/0.058

	MU CQI r=0.50
	2.73/0.094
	2.59/0.085

	MU CQI r=0.75
	2.70/0.100
	2.57/0.094


	SCM 4x2 XPOL, 4 Lambda
MUMIMO, PUSCH 3-1
	Low Spread
	High Spread

	SU PMI/CQI
	2.20/0.086
	2.09/0.08

	MU CQI r=0.25
	1.90/0.050
	1.82/0.047

	MU CQI r=0.50
	2.30/0.075
	2.19/0.070

	MU CQI r=0.75
	2.36/0.084
	2.24/0.079


Table 1: Performance improvement from MU CQI over SU CQI for r=0.25, 0.5 and 0.75 for ULA 0.5 lambda, XPOL 0.5 lambda and 4 lambda antenna configurations.
Observations:

· MU CQI with r=0.50 and r=0.75 perform better than the baseline proposal [6] of r=0.25.

· For correlated antennas there is about 10% gain in the average throughput, while there is about 5% loss in the cell-edge throughput for r=0.5. Both gains and losses decrease a little with r=0.75.

2.3.2. Without OLLA

In practical non full-buffer traffic cases we expect that the OLLA would be less efficient, and hence the eNB would gain even more from MU-CQI. This is confirmed by the results below.

	SCM 4x2 ULA, 0.5 Lambda

MUMIMO, PUSCH 3-1
	No outer loop CQI correction
	Outer loop CQI correction

	SU PMI/CQI
	2.70/0.128
	3.26/0.149

	MU CQI r=0.25
	2.38/0.073
	3.38/0.101

	MU CQI r=0.50
	3.43/0.147
	3.54/0.143

	MU CQI r=0.75
	2.70/0.128
	3.47/0.150


	SCM 4x2 XPOL, 0.5 Lambda
MUMIMO, PUSCH 3-1
	No outer loop CQI correction
	Outer loop CQI correction

	SU PMI/CQI
	1.93/0.083
	2.47/0.102

	MU CQI r=0.25
	1.29/0.037
	2.42/0.066

	MU CQI r=0.50
	2.63/0.100
	2.73/0.094

	MU CQI r=0.75
	2.52/0.102
	2.70/0.10


Table 2: Performance loss of schemes without outer-loop CQI correction
Observations:

1. There is a 20% loss for the SU CQI case when OLLA is turned off. 

2. MU CQI with r=0.5 is not sensitive to OLLA and provides the best performance among all the schemes. The performance is the same with and without OLLA. 

3. The gain from MU CQI over SU CQI in the absence of OLLA is more than 25%.

2.4. Differential CQI

The simulation results above correspond to 4 bit MU-CQI feedback. However, MU CQI can be efficiently quantized with just 2 bits through a differential encoding with respect to SU CQI. Let x be the 4 bit MCS level (out of 16 levels) corresponding to SU CQI, and let y be the MU CQI; one possible quantization scheme is described by table 1.


	MCS Level Difference Region
	Differential Quantization Index

	x-y <=1
	1

	x-y =2
	2

	x-y=3
	3

	x-y>=4
	4


Table 3: Differential quantization levels for MU CQI

It is shown in [7] that this method suffers negligible performance loss comparing to the 4 bit non-differential CQI and thus retaining the performance benefits of MU CQI with just 2 bits per subband.

3. MU CQI Calculation for 8 Tx

Since there are more spatial degrees of freedom and greater UE pairing flexibility in 8Tx, the gain from MU CQI can be expected to be higher than in 4Tx. Equations (1-5) can be directly used to compute MU CQI. In the companion contribution [10], we show gain of about 10% over SU CQI in PUSCH modes 3-1 and 3-2 with a 2-bit differential CQI. The CQI computation assumes 7 interference directions with a layer power allocation of [P/2, P/14, P/14, P/14, P/14, P/14, P/14, P/14]. It is also shown in [10] that the total number of layers assumed at the UE can be reduced to 4 without any significant performance degradation. If u is the UE recommended precoder that is of the form, 
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 where 
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is the set of interfering vectors that can be used for MU CQI calculation with a layer power allocation of [P/2 P/6 P/6 P/6].
4. Conclusions

We propose a CQI enhancement scheme where MU CQI is fed back in addition to SU PMI/CQI. The MU CQI is found to provide significant performance gains (up to 25% without OLLA) in most antenna configurations in PUSCH mode 3-1. The CQI is computed assuming that the eNB transmits (Nt-1) interference layers with all the precoders being mutually orthogonal. The optimal power allocation for the layers is found to be [1/2 1/6 1/6 1/6] where the signal layer gets half the total power.
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6. Appendix: 
6.1. Simulation Assumpons

	Parameter
	Assumption

	Antenna Configuration
	4 Tx eNB 0. 5 & 4 lambda, XPOL and ULA

2-Rx UE 0.5 & 4 lambda, XPOL and ULA

	Channel Model
	3GPP case1,  3D , SCM-UMa with low and high spread

	Traffic Model
	Full Buffer

	Duplex method 
	FDD 10MHz

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

	Number of users 
	10 (on average)

	UE Feedback
	PMI/CQI 

	Feedback Granularity
	1 CQI/PMI report for 6 PRBs 

	Feedback Impairments
	Reporting period: 5 ms for PMI/CQI.   

Delay: 5 ms

	Scheduler Type
	Proportional fair

	MU-MIMO Precoder
	Zeroforcing

	MU-MIMO UE Pairing
	Chordal distance of 1.8 

	Rank-adaptation
	1-layer per UE and 2 UEs in MU-MIMO
Dynamic Switching with maximum of rank 1 per UE

	HARQ Scheme
	Chase Combining 

	Maximum number of retransmissions
	3

	OLLA
	On with Target BLER=20% and warm-up time=1s

	Inter-cell interference modelling
	4 strongest interfering cells are explicitly modelled.

	Receiver Configuration
	MMSE  (average intercell and ideal intracell covariance knowledge)

	Overhead
	32.72 % 
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