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1 Introduction
In [1], it has been agreed that 

· Natural extension of Rel.8 aperiodic PUSCH CQI modes are supported in Rel.10 (see table)

· FFS support of PUSCH mode 3-2 with subband PMI + subband CQI targeting feedback accuracy improvements for MU/SU in Rel.10.

· PUSCH reporting is self-contained where W1 and W2 are always reported in the same subframe.
· The possibility of reporting multiple CQI, and if possible PMI/RI, (for example one targeting SU-MIMO and the other targeting MU-MIMO) and the frequency granularity of the additional CQI (and if possible PMI/RI) is FFS.

· FFS whether Mode 2-2 is finally supported depending on agreements / details of Mode 3-2

· i.e. mode 2-2 and/or mode 3-2 may finally be supported. 
In this contribution, following issues regarding CSI reporting modes on PUSCH are considered and discussed:
· Increase the feedback granularity, e.g. introducing a new PUSCH mode 3-2

· Down-sample codebook C1 and/or C2
2 CQI enhancement in PUSCH mode 3-2
2.1 Feedback granularity

MU-MIMO is regarded as one of key technologies in Rel.10 to improve the performance from Rel.8. It is well known that MU-MIMO is more sensitive to feedback accuracy than SU-MIMO. Due to no enhancement of Rel.10 codebook (2 and 4 Tx) from Rel.8, introducing a mode 3-2 with increased feedback granularity becomes a reasonable and effective way to improve feedback accuracy for MU-MIMO.

However, the finer feedback granularity also means extra UL overhead. In addition, the finer feedback granularity is also potentially vulnerable to the so-called “flashlight effect”. For example, the variance of inter-cell interference associated with a subband is supposed to be larger than the one associated with wideband. This effectively makes wideband CQI more stable/predictable than subband CQI. 

Obviously, a good tradeoff between the feedback granularity and overall performance should be pursued in PUSCH mode 3-2 design.

In Table 1, the overhead associated with two feedback granularities for both PMI and CQI are compared. The larger one is equal to bandwidth part (BP) defined for PUCCH feedback in Rel.8, i.e N=3 subbands for 10 MHz system bandwidth. The smaller granularity is per subband (SB) feedback. For example, in the case of 4 antenna ports and RI=1, the overhead is reduced to 67% by reducing PMI feedback granularity from per SB to per 3 SB (i.e. equal to the per Rel.8 PUCCH BP@10MHz). Furthermore, 33% of overhead remains if both PMI and CQI are fed back per 3 SB.   
Table 1 Table 1 Overhead comparison example with different feedback granularity in Mode 3-2. 

	Reported
	Mode State
	PMI and CQI use N=1
	PMI and CQI use N=3
	PMI use N=3

CQI use N=1

	PMI/CQI (wideband CSI excluded)
	RI=1
	100 %
	33%
	78%

	
	
	100 %
	25%
	67%

	
	
	100%
	At least 33%
	Approx 71%

	
	RI>1
	100%
	33%
	85%

	
	
	100%
	33%
	76%

	
	
	TBD
	TBD
	TBD


Notation: Feedback granularities are given in the parameter N, where N=1 equals Rel.8 subband bandwidth.
The corresponding performances with these feedback reductions are compared in Table 2. It is shown that when per SB CQI (N=1) feedback is assumed, reducing PMI feedback granularity from N=1 to N=3 only results in 0.2% and 1.5% performance degradation for MU-MIMO with ULA and Xpol (0.5
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), respectively. However, per SB CQI (N=1) feedback outperforms per BP CQI (N=3) feedback quite significantly by around 10% for cell average and more than 12% for cell average. Hence, the large feedback reduction (down to 25%) gives a significant throughput penalty. 

Jointly considering the feedback overhead and the associated performance, per BP (N=3) PMI together with per SB (N=1) CQI feedback demonstrates the best tradeoff. 
Table 2: Performance comparison on various feedback granularities in PUSCH mode 3-2
	
	Cell Average
	Cell Edge

	
	PMI use N=3

CQI use N=1
	PMI  use N=1

CQI  use N=1
	PMI  use N=3

CQI  use N=3
	 PMI  use N=3

 CQI  use N=1
	PMI  use N=1

CQI  use N=1
	PMI  use N=3

CQI   use N=3

	SU-MIMO
	Xpol 0.5
	98%
	100%
	98%
	98.5%
	100%
	98.5%

	
	Xpol 4.0
	97%
	100%
	98.3%
	100%
	100%
	88.4%

	
	ULA 0.5
	99.7%
	100%
	100%
	99.3%
	100%
	104%

	MU-MIMO
	Xpol 0.5
	98.5%
	100%
	90.2%
	98.9%
	100%
	81.2%

	
	Xpol 4.0
	97%
	100%
	90.0%
	97.5%
	100%
	83.4%

	
	ULA 0.5
	99.8%
	100%
	91.7%
	99.3%
	100%
	88.4%


2.2 Down-sampling on C1 and/or C2 

In agreed 8Tx codebook [2], adjacent overlapping beams are defined in the codewords of C1. When W1 and W2 are fed back in PUCCH with different periodicities, adjacent overlapping beams can reduce the so-called “edge effect” in frequency selective precoding. However, in PUSCH, W1 and W2 are reported in the same subframe. This makes overlapping beams introduce redundant bit(s) per W2 feedback. As a result, column selection matrix Y for rank 1,2 and 4 in PUSCH should be down-sampled and revised as  

Table 3 Revised column selection matrix

	Rank
	Rank1:
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	Selected subset Index
	[1,2]
	[1,2,5,6,7,8]
	[1,2]

	Down-sampled Y
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Notation:  
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is an 4x1 selection vector with all zeros except for the n-th element with value 1

To reduce the overall feedback overhead, further down-sampling codebook C2 for subband PMI feedback can be a simple and effective solution. An example of down-sampled C2 by configuring the column selection matrix Y is given as

Table 4 Down-sampled column selection matrix
	Rank
	Rank1:
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	Selected subset Index
	[1]
	[1,7]
	[1,2,3,4]
	[1]

	Down-sampled Y
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Notation:  
[image: image24.wmf]n

e

is an 4x1 selection vector with all zeros except for the n-th element with value 1

It is noted that all co-phasing hypothesises are kept the same as what defined in [2] and the down-sampled C2 can be generated straightforward.

The performance degradation due to down-sampling, given in Table 5, is shown very marginal. The similar observation is also confirmed in [5]. 
Table 5: Performance comparison on codebook down-sampling

	
	[4 bits C1 and 4 bits C2]  Mode 3-2 with PMI and CQI per SB
	[4 bits C1 and 2 bits C2]  Mode 3-2 with CQI/PMI per SB

	MU-MIMO
	Xpol 0.5
	100%
	97%

	
	ULA 0.5
	100%
	98%


2.3 PUSCH Mode 3-2

Based on the observation and discussion in section 2.1 and 2.2, it is proposed that

· PUSCH mode 3-2 should be introduced in Rel.10

· One PMI feedback for each N adjacent sub-bands where N is defined to obtain same bandwidth as PUCCH bandwidth part 

· One CQI feedback for each subband

· full set of C1 (no down-sampling)

· up to 2 bit C2 with down-sampling

3 Codebooks down-sampling in PUSCH mode 1-2 for 8Tx
In [2], it has been agreed that double-codebook structure is applied for 8Tx and the precoder is jointly determined by two codebooks, 4-bit C1 and 4-bit C2. Unlike single codebook based feedback (e.g. Rel.8 feedback), double-codebook structure can inherently achieve the good performance while maintaining high feedback efficiency by configuring the size of C1 and C2.  
The same as what discussed in Section 2.2, PUSCH mode 1-2, which includes one wideband CQI and subband based PMI feedback, can also benefit from C1 and/or C2 down-sampling in terms of feedback efficiency. The performance of mode 1-2 with down-sampled C2 is provided in Table 6. It is shown that less than 2% performance degradation is observed due to down-sampled C2.  The down-sampled C2 is given in Table 3-2. 
Table 6: Performance comparison on codebook down-sampling (8Tx, 2Rx)
	
	[4 bits C1 and 4 bits C2]  Mode 1-2 with PMI per BP 
	[4 bits C1 and 2 bits C2]  Mode 1-2 with PMI per BP

	SU-MIMO
	Xpol 0.5
	100%
	98.6%

	
	ULA 0.5
	100%
	99.5%


4 Conclusion
In this contribution, CSI reporting modes on PUSCH are discussed. Based on the discussion, it is proposed 

· PUSCH mode 3-2 should be introduced in Rel.10

· One PMI feedback for each N adjacent sub-bands where N is defined to obtain same bandwidth as PUCCH bandwidth part 

· One CQI feedback for each subband

· Full set of C1 (no down-sampling)

· Up to 2 bit C2 with down-sampling

· C2 down-sampling should apply to PUSCH mode 1-2 for 8 Tx. 
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6 Appendix A – Simulation assumptions
	Channel models
	3GPP Case 1 Spatial Channel Model Extended (SCME)

	Central Frequency
	2GHz

	Fading Scenario
	Urban Macro

	Antenna configuration
	4/8 Tx at eNodeB with 0.5 and 4.0 lambda spacing

Co-polarized: Vertically polarized antennas

Cross-polarized: +/- 45 degrees

	
	2/4 Rx at UE with 0.5 lambda spacing

Co-polarized: Vertically polarized antennas

Cross-polarized: +90/0 degrees

	
	ideal antenna calibration
3D antenna pattern, with 15 degrees down-tilt

	UE Speed
	3km/h

	System Bandwidth
	10 MHz

	FFT length
	1024

	Subband and Bandwidth Part size
	The same definition as Rel.8

	scheduler
	Proportional Fair scheduling in the frequency and time domain. 
Exhaustive search for SU/MU MIMO switching based on PF metric of a single UE or sum of PF of the co-scheduled UEs.
Rank overriding based on CQI

	Number of UEs per cell
	10

	MU-MIMO 

precoding technique
	Zero-forcing beamfoming with maximum 4 layers

Up to two layer for each co-scheduled UE

	MCS
	according to transport formats in LTE R8

	Channel estimation
	Non-ideal

	Receiver
	MMSE receiver

	Hybrid ARQ
	Maximum 4 transmission

	Subband CQI feedback
	according to CQI Table in LTE R8

power adjustment for MU-MIMO

	Feedback Delay
	4ms

	Feedback 
	· Under the assumption of SU –MIMO transmission with rank adaptation
· SU-MIMO based CQI and best-companion PMI cluster based CQI
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