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1. Introduction
Feedback accuracy is crucial to realize the full potential of MIMO in LTE-A. It has been recognized in many contributions that the feedback accuracy can be improved beyond that of the REL8 PUSCH modes by introducing a PUSCH 3-2 mode and by adding an MU-CQI report. It is also widely recognized that such extensions require a careful balance between performance gain and feedback overhead. 
Arguments have been raised in the Xi’an meeting that there are scenarios where uplink feedback overhead is not a major issue. However, even in such case, the feedback bits should be prioritized by their benefit. In this paper we show that 2 MU-CQI bits bring much more gain to MU-MIMO performance than 4bits of subband PMI, and that the next significant step in performance is obtained with 2 more sub-band PMI bits. The latter step requires sub-sampling the 8TX codebook [1]. 
In [7] we addressed the above issues by simulating an ideal MMSE receiver. In this contribution we present more extensive results with non-ideal receivers. We also propose a new definition to the MU-CQI which is better testable than the one in [7].

2. Codebook sub-sampling for PUSCH 3-2

As proposed in [7], we sub-sample the 8TX codebook rank=1 W2 component to 2 bits by removing the fine beamforming selection at the subband level.  I.e. all W2 bits are used to select the inter-polarization phase. For rank=2 we propose to down-sample W2 to 2 selection matrices and two inter-polarization phases. For higher ranks we propose to down-sample W2 to 4 selection matrices. The resulting number of bits is summarized in the following table. 
	Rank
	(W1, W2) bits
	Proposed 

(W1, W2) bits

	1
	(4, 4)
	(4, 2)

	2
	(4, 4)
	(4, 2)

	3
	(2, 4)
	(2, 2)

	4
	(2, 3)
	(2, 2)


Table 1

3. MU CQI
3.1. Definition

MU-MIMO CQI is computed assuming there are NT-1, mutually orthogonal, interfering PMIs which are orthogonal to the SU-MIMO rank 1 PMI.  I.e, the total of NT precoders form an orthonormal basis.  The resulting SNR, which is receiver dependent, can be generally written as 
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where r is the ratio of signal power and total interference power assumed at the UE. 
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where KN captures the intercell interference and thermal noise, and S is the set of interfering precoders.
When the set of orthogonal precoders along with the SU CQI precoders form an orthogonal basis, the interference covariance matrix can be written as 
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The SNR calculation thereafter is carried out as in the SU case, depending on the type of receiver.  For MMSE receiver
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And for MRC receiver,
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3.2. Equivalent definition

Eq. (3) can be replaced by an explicit implementation of Eq. (2), i.e. by identifying the set of mutually orthogonal PMI’s that are also orthogonal to the SU PMI. The SU Rank 1 precoder in the 8TX codebook is of the form
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 where 
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The set of 7 mutually orthogonal vectors that are orthogonal to u is given by
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The index of  the interfering PMIs as per the notation in the draft Spec 36.211 is given in the appendix.
In Eq. (3) the implicit power allocation for the layers assumed by the UE depends on r. We assume that r=0.5 is the most realistic assumption. This is equivalent  to assuming that the power allocation for the 8 layers is given by [P/2, P/14, P/14, P/14, P/14, P/14, P/14, P/14], where the first layer is the UE signal layer. 

3.3. MU-CQI RAN4 Testing aspects
While equation (3) is independent of the orthogonal PMIs and therefore easier and simple for the UE to compute, a simple testing procedure needs to be defined by RAN4. For example, a simple test would comprise of the eNB transmitting exactly what the UE had assumed when calculating the CQI. I.e., the MU-CQI defined by Eqs. (2), (4) and (5) would imply that the testing equipment transmits to 7 other virtual UE’s, with the 7 precoding vectors in the set S of Eq.(5). However, REL10 supports transmission to up to 4 spatially multiplexed UE’s. It is therefore desirable to modify the MU-CQI definition so that the testing equipment transmission can be compatible with the assumptions made by the UE for the MU-CQI calculation. 
We examined the following modified definition, where the orthonormal basis is replaced by reduced sets of 4 orthogonal PMIs. Two reduced sets may be considered: 
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  (7)
The power allocation assumed for the reduced sets is [P/2, P/6, P/6, P/6]. The index of the interfering PMIs, as per the notation in the draft Spec 36.211, is given in the appendix.

3.4. MU-CQI quantization

The difference between the MU and SU CQI’s is quantized by 2 bits. Let x be the 4 bit MCS level corresponding to SU CQI.  Let z be the 4 bit MU CQI. Then the following differential encoding table is used:
	MCS Level Difference Region
	Differential MCS Index

	x-y <=1
	1

	x-y=2
	2

	x-y=3
	3

	x-y>= 4
	4


Table 2: Differential quantization levels for MU-CQI

4. SLS Results

Table 3 compares MU-MIMO performance with full 8TX (4bit W2) and sub-sampled (2bit W2) codebooks, for PUSCH modes 3-1 and 3-2, with the following three types of CQI reports:
1. SU PMI/CQI

2. SU PMI/CQI and a 2bit MU CQI which is calculated assuming the interference are in all 7 orthogonal dimensions with the layer power ratio being [P/2, P/14, P/14, P/14, P/14, P/14, P/14, P/14].
3. SU PMI/CQI and a 2bit MU CQI which is calculated assuming the interference is in 3 orthogonal dimensions as in the set S1 in equation (4) with the layer power ratio being [P/2, P/6, P/6, P/6].
The UE receiver is a non-ideal MMSE receiver.

	SCM 8x2 XPOL, MU-MIMO, Low Spread
Non-ideal MMSE receiver
	3-1
Avg/5%  

	3-2
Avg/5%  
2bits W2
	3-2
Avg/5%  
4bits W2

	 SU PMI/CQI
	3.40/0.149
	3.46/0.150
	3.50/0.151

	SU PMI/CQI + MU CQI (7 interference layers)
	3.73/0.145
	3.77/0.143
	3.81/0.149

	SUPMI/CQI + MU CQI (3 interference layers)
	3.71/0.142
	3.74/0.144
	3.78/0.148


	SCM 8x2 XPOL,MU-MIMO, High Spread
Non-ideal MMSE receiver
	3-1
Avg/5%  
	3-2
Avg/5%  
2bits W2
	3-2
Avg/5%  
4bits W2

	SU PMI/CQI
	3.17/0.142
	3.22/0.131
	3.25/0.147

	SU PMI/CQI + MU CQI (7 interference layers)
	3.47/0.132
	3.51/0.133
	3.55/0.134

	SUPMI/CQI + MU CQI (3 interference layers)
	3.45/0.132
	3.49/0.136
	3.52/0.136


Table 3: Performance gain from MU CQI in PUSCH modes 3-2 and 3-1 
Table 4 shows results without MU-CQI for an MRC receiver. It can be observed that the gain due to the sub-band PMI is increased compared to MMSE. 
	
 SCM 8x2  XPOL 0.5
MRC receiver
	PUSCH 3-1

Avg/5%  

	PUSCH 3-2
Avg/5%  
2bits W2
	PUSCH 3-2
Avg/5%  
4bits W2

	SU PMI/CQI, Low Spread
	2.63/0.114
	2.80/0.124
	2.85/0.125

	SU PMI/CQI, High Spread
	2.41/0.101
	2.44/0.105
	2.49/0.109


Table 4: MU-MIMO with PUSCH 3-2 vs. 3-1, MRC receiver.
5. Conclusions

About 10% MU-MIMO performance gain is obtained with extra 2 MU-CQI bits per subband. Additional 3-6 % gain is achieved with SB-PMI, where more than half of it is achieved with 2bits W2.
Hence, we recommend MU-CQI as defined in section ‎3.2.3 for PUSCH modes 3-1, and the inclusion of PUSCH 3-2 in REL10. Codebook sub-sampling to 2bits W2 should be allowed to obtain a good trade-off between performance and overhead.
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7. Appendix 
7.1. MU-CQI interfering PMI’s
As per the draft 36.211 specification of the 8Tx codebook, the set of precoding vectors in the 7 layer MU CQI corresponding to the set S in (5) can be expressed as a set of interfering PMIs in the codebook. Let 
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be the index of the signal PMI (for example, from SU CQI/PMI) coresspoding to the W1 and W2 codebook respectively. Let 
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where d0 is the DFT selection index ranging from 0 to 3 and p0 is the phase selection index ranging from 0 to 3. Note i0 and j0 range from 0 to 15.  The index of the 7 interfering PMIs can then be written as 
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For the 3 layer MU CQI in the set S1 (equation (6)), the corresponding interfering PMI indices are given below:
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For the 3 layer MU CQI in the set S2 (equation (7)), the corresponding interfering PMI indices are given below: 
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In general, any possible subset of size k can be deduced from the set given in (A1) and optimized. The power allocation then will be [P/2  P/(2*k)……P/(2*k)]. In general, the power allocation can also be made general with [Pr  (1-r)P/k……(1-r)P/k]. 
It must also be noticed that these sets of indices may not be unique due to the overlap in W1 codebook. It can be easily seen that by modifying the value of i0 and d0, one can obtain the index  of the other PMI that gives the same precoder. 
If d0>1,  then the precoder corresponding to (i0+1) mod 16, d0-2, p0 is the same as the one represented by i0, d0, p0.
If d0<2, then the precoder corresponding (i0-1)mod 16, (d0+2), p0  is the same as that of i0,d0, p0.
7.2. Simulation Assumptions

	Parameter
	Assumption

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

2-Rx UE 0.5 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 5 PRBs, (Wideband W1 and Subband W2) 

	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

	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
	MRC  
Nonideal MMSE (Non ideal intercell interference , ideal intercell interference)

	Overhead
	30.3%
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