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1
Introduction
Multiuser MIMO has been identified as a key technique for improving downlink MIMO performance in Rel. 10 LTE. Compared to Rel. 8 MU-MIMO, Rel. 10 design already allows non-codebook based precoding over DM-RS, adding eNB flexibility by not restricting the transmit filtering at the eNB to the PMI feedback from the UEs and providing improved frequency-domain scheduling flexibility. To further improve the MU-MIMO performance, different CQI/PMI feedback enhancements have been proposed. In RAN1#62, it was agreed that Rel.10 MU-MIMO will operate on Rel. 8 codebooks for 2 Tx and 4 Tx. Moreover, following was agreed in RAN1#62:
· “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”
Despite extensive discussions in RAN1#62bis, and several WF attempts, no progress on this issue was achieved and the decisions were left for RAN1#63. In this contribution we discuss CQI/PMI enhancements over Rel. 8 feedback and evaluate the viability of additional multiuser specific CQI feedback mechanisms via extensive simulations and CQI error analysis.

2
General aspects regarding CQI/PMI enhancements
When thinking about possible CQI/PMI enhancement schemes, attention should be paid to uplink feedback load and if possible gains are worth this potential additional feedback, given the fact that UL feedback has a limited bit budget. Also, further standardization efforts should be taken into account when discussing the potential enhancement schemes, especially noting that this is the last RAN1 meeting before Rel. 10 completion and also the related signaling needs to be finalized. Finally, UE feedback computation impact can not be neglected.
In the context of CQI enhancements, a few aspects related to the accuracy of CQI reports should be kept in mind. In particular, one needs to look at the actual CQI error sources. In case of MU-MIMO, one error source is undeniably the additional multi-user interference. However, there are also other CQI error sources, which are actually more significant than multi-user interference impact as will be shown later. We can list several error sources as follows:
· First of all, averaging over several PRBs causes CQI mismatch for all subcarriers. Depending on the radio channel and the number of PRBs, the CQI mismatch resulting from averaging can be several decibels. Figure 1 shows that the specified 6 PRBs (~=1 MHz >> coherence bandwidth) CQI subband size is actually the main source of CQI error in SU-MIMO.
· A second observation relates to the inter-cell interference, which varies from subframe to subframe and PRB to PRB. Due to this, the CQI report is typically calculated with different inter-cell interference load compared to the situation when the CQI is actually used. Factors like precoding, transmission rank, transmit mode and scheduled PRBs are subject to change on subframe basis and hence make the CQI quite unstable over time, especially in the practical case of fractional load. A very well-known example of such fluctuations in interference is the flashlight effect in context of beamforming. The impact of this issue on the CQI error is also shown in Figure 1.
· Third aspect is the fact that the UE interference measurements, especially for frequency-selective CQI, are quite erroneous from the start. This is further pronounced by the delays and by the above-mentioned inter-cell interference effects.
· And last, although the eNB has 26 MCS classes to choose the transmission rate from, the CQI is only a 3 to 4-bit report, which in practice corresponds to roughly 2 dB levels in terms of SINR. This results in quantization errors and any proposed CQI enhancement should overcome the degradation caused by the quantization.

It seems that these factors may in practice result in much bigger CQI errors than the error caused by MU pairing and related CQI prediction.

Observation: There are also other CQI error sources than MU interference. 
2.1
Evaluation of CQI error sources

Figure 1 shows the UE-wise standard deviation of the CQI error, obtained from a SU-MIMO system-level simulation – MU interference was not considered in this study yet in order to see the impacts of all the other CQI error sources. The simulation assumptions are listed in Appendix 1. We have studied the impacts of averaging over 6 PRBs, CQI delay and varying inter-cell interference. It is clearly visible that averaging over 6 PRBs causes clearly the most of the CQI error. Some further error is caused by CQI delay and rapidly changing inter-cell interference.
In the next section we study how much different MU-MIMO CQI schemes can actually decrease the CQI error caused by MU pairing. From those results it is very clearly visible that the CQI error caused by MU pairing is in fact much smaller than the CQI errors caused by other aspects.
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Figure 1. Standard deviation of the CQI mismatch for single user rank 1 transmission. Channel is ULA, 0.5 lambda and azimuth spread 8 degrees. Realistic channel estimation and 1 dB CQI quantization step are assumed.
3
Impacts of MU-MIMO specific CQI
The simplest way of deriving the MU-MIMO CQI from the SU-MIMO CQI is simply by scaling the later. The scaling can take care of the power splitting and ZF scaling and possibly an estimated portion of the interference:
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 does the above mentioned scaling [6]. The MIMO channel for user k is [image: image7.png]
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is the precoding vector for user k, [image: image11.png]


 is the normalized receiver vector, [image: image13.png]


 is the inter-cell interference and [image: image15.png]


denotes the noise variance. This is the baseline MU-MIMO CQI scheme which all enhancements should be benchmarked against. The scheme is further discussed and explained in e.g. [2], [3].  This baseline scheme does not require any additional standardization as the eNB may do the scaling without any additional feedback. The power splitting factor is known by eNB, the power reduction caused by ZF scaling depends only on the mutual correlation of the PMIs or the paired users [6]. 
3.1
MU-MIMO CQI enhancements

As additional multiuser specific CQI we consider the following cases:

4 UE CQI
In [1] it is proposed to have additional multiuser specific CQI feedback which is taken for 4Tx case as an upscaled CQI where three simultaneous predefined orthogonal interferers are assumed. It is noted that even in 4Tx case, the typical MU-MIMO scenario is co-scheduling of two UEs. In this case for this CQI, the post processing SINR reads
[image: image17.png]lofmiml”
ey

Favz =



,
where [image: image19.png]


 [image: image21.png]


 QUOTE  
[image: image22.png]



is the predefined set of orthogonal interferers for PMI index i, i being the PMI index of user k. In [1], [image: image24.png]


 are are listed in a table for each PMI index i. The multiplier 2 is the upscaling that takes into account the power splitting difference between two and four simultaneously scheduled users.
One orthogonal pair
We also consider a CQI that is based on SINR where there are two simultaneous orthogonal users
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 is the set of all orthogonal codewords in the codebook to the PMI i. In LTE 4TX codebook, there are 3-5 orthogonal codewords for each PMI index. The orthogonal pair m can be chosen from [image: image32.png]


 in different ways, it can be a fixed predefined choice, random choice, or corresponding to the orthogonal pair resulting in highest post processing SINR.

Average CQI over orthogonal pairs
When considering an additional multiuser specific CQI reporting one natural option is an average of the CQI over possible unitary pairs. The CQI is not exactly correct for any pair but an estimate of the upcoming performance. 
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 is the size of the group for orthogonal pairs.
Best companion index (BCI) and corresponding CQI
The BCI CQI corresponds to the maximum multiuser SINR for user k which reads
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, is the group of all possible pairing PMIs, thus all PMI index of the codebook except k.
When zero-forcing precoding is utilized, for all these multiuser specific CQIs the eNB should apply the ZF scaling method to take into account the transmit power reduction due to ZF. It should be noted that in any scheduling, pairing of users with the same PMI should be prevented by default. After that the codebook gives a hard limit of the maximum instantaneous correlation between the PMIs of paired users. Then the ZF scaling gives the exact power reduction for each pair candidate that can be the eNB can take into account when estimating the sum rate.
3.2
Evaluation of CQI error caused by MU interference

The SINR difference between the CQI assumed at the eNB for multiuser transmission and the experienced multiuser SINR is compared in Figures 2-7 for different MU-MIMO CQI candidates. In this link level result the intercell interference is assumed white and additive to noise and the channel model is 3GPP Typical Urban (TU) channel. The eNB has four transmit antennas and UEs have two receive antennas and the receiver processing is minimum mean square error (MMSE). Very idealized assumptions, e.g. per subcarrier processing are assumed in order to isolate the CQI error caused by multiuser interference. It can be seen that when SNR is low and the performance is noise-limited, the SINR difference is generally smaller than at high SNR, where the scenario is multiuser interference limited. It should be noted that especially the 4-UE scaled SINR is considerably different from the actual multiuser SINR and higher SNR. Moreover, the following observations can be made:
· The error of the standard-transparent scaled SU-MIMO CQI is generally smaller than the errors caused by other error sources shown in Figure 1. 
· The differences between scaled SU-MIMO CQI and MU-MIMO CQI are negligible.
These observations already hint that at system level, when all CQI error sources are taken into account, the impact of MU-MIMO CQI enhancements might be insignificant. This is also what we see in our simulations in section 5.
Observation: CQI error caused by MU interference is generally smaller than the error caused by other system-level unidealities.
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Figure 2. PDF of SINR difference between scaled SU-SINR and actual post pairing MU-SINR.
	[image: image42.jpg]cal=4UE

04
——sNROdB
- ——SNR5dB
——SNR 1088
——SNR 1508
93 ——SNR 2048

PDF of CQl error

005

0 ES 0 5 [
foal,zF scated - i [9B]





Figure 3. PDF of SINR difference between 4UE-SINR and actual post pairing MU-SINR.
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Figure 4. PDF of SINR difference between best companion SINR and actual post pairing MU-SINR.
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Figure 5. PDF of SINR difference between best orthogonal companion and actual post pairing MU-SINR.
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Figure 6. PDF of SINR difference between SINR average over unitary pairs and actual post pairing MU-SINR.
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Figure 7. PDF of SINR difference between one random unitary pair SINR and actual post pairing MU-SINR


4
PUSCH mode 3-2 and sub-band bundling
With the aim of possible feedback savings in mode 3-2, sub-band bundling has been considered in [4]. The idea of sub-band bundling is to decrease PMI and/or CQI feedback granularity in order to decrease UL feedback overhead. In [4] it was concluded that CQI feedback granularity should not be changed and it should be kept over one sub-band. However PMI granularity can be decreased and it should be over N adjacent sub-bands, where N is defined to obtain the same bandwidth as the PUCCH bandwidth part. In the tables 3 – 6, we will provide system-level simulation results for MU-MIMO, where N = 3 for PMI feedback. Proposed sub-band bundling for PMI can be seen as a compromise between modes 3-2 and 3-1. It was observed that mode 3-2 gives only a small if any performance improvement over mode 3-1 and with sub-band bundling gap to mode 3-1 gets even smaller.
5
Simulation results
Several feedback enhancements methods, presented above, have been evaluated in single-cell MU-MIMO system simulations. Detailed simulation assumptions are presented in Appendix 1. The XPOL and ULA antenna settings are used as target scenario for MU-MIMO. We employ the Rel. 8 4TX codebook feedback as baseline as previously agreed in the previous meeting. Realistic channel estimation has been considered.
5.1
Results on MU-MIMO CQI enhancements

Average spectral efficiency and cell edge spectral efficiency for MU-MIMO CQI enhancements are available in Table 1-2. The gains from the different CQIs are negligible and no clear outperforming CQI calculation scheme can be deduced based on these results. As discussed before, when the noise and intercell interference are dominant, even the CQI calculation schemes that produce very different multiuser interferences perform alike. It should be emphasized that when the ZF scaling is not used, the gains from the different multiuser specific CQIs are larger. Since this is a standard-transparent technique, it should be taken as the baseline CQI scheme whenever ZF precoding is utilized.

Clearly it can be concluded that specifying additional MU-MIMO CQI is not worth the required standardization effort or the increased UE complexity.

Table 1. Average spectral efficiency (bps/Hz) of baseline Rel’8 CQI reporting and two proposed enhancements with gains over baseline in brackets.
	
	Rel’10 with
Rel’8 CQI
	AI CQI
	BCI CQI
	4 UEs CQI
	1 orthogonal pair CQI

	XPOL, ½ 
Scaling by ZF norm
	2.420
( baseline )
	2.481
( +2.5% )
	2.463
( +1.8% )
	2.460
( +1.7% )
	2.466
( +1.9% )

	XPOL, ½ 
No scaling by ZF norm
	2.190
( baseline )
	2.269
( +3.6% )
	2.258
( +3.1% )
	2.266
( +3.5% )
	2.259
( +3.2% )

	XPOL, 4 
Scaling by ZF norm
	2.072
( baseline )
	2.134
( +3.0% )
	2.106
( +1.6% )
	1.991
( -3.9% )
	2.099
( +1.3% )

	XPOL, 4 
No scaling by ZF norm
	1.922
( baseline )
	1.992
( +3.6% )
	1.974
( +2.7% )
	1.928
( +0.3% )
	1.960
( +1.9% )

	ULA, ½ 
Scaling by ZF norm
	2.832
( baseline )
	2.902
( +2.5% )
	2.878
( +1.6% )
	2.897
( +2.3% )
	2.885
( +1.9% )

	ULA, ½ 
No scaling by ZF norm
	2.602
( baseline )
	2.704
( +3.9% )
	2.680
( +3.0% )
	2.710
( +4.1% )
	2.693
( +3.5% )


Table 2. 5 % cell edge spectral efficiency (bps/Hz) of baseline Rel’8 CQI reporting and two proposed enhancements with gains over baseline in brackets.

	
	Rel’10 with
Rel’8 CQI
	AI CQI
	BCI CQI
	4 UEs CQI
	1 orthogonal pair CQI

	XPOL, ½ 
Scaling by ZF norm
	0.0867
( baseline )
	0.0845
( -2.6% )
	0.0849
( -2.0% )
	0.0824
( -4.9% )
	0.0832
( -4.1% )

	XPOL, ½ 
No scaling by ZF norm
	0.0744
( baseline )
	0.0724
( -2.7% )
	0.0714
( -4.0% )
	0.0693
( -6.9% )
	0.0710
( -4.6% )

	XPOL, 4 
Scaling by ZF norm
	0.0649
( baseline )
	0.0625
( -3.6% )
	0.0604
( -6.9% )
	0.0583
( -10.1% )
	0.0602
( -7.2% )

	XPOL, 4 
No scaling by ZF norm
	0.0571
( baseline )
	0.0562
( -1.4% )
	0.0545
( -4.4% )
	0.0518
( -9.2% )
	0.0534
( -6.3% )

	ULA, ½ 
Scaling by ZF norm
	0.1182
( baseline )
	0.1150
( -2.8% )
	0.1182
( -0.0% )
	0.1135
( -4.0% )
	0.1136
( -3.9% )

	ULA, ½ 
No scaling by ZF norm
	0.0978
( baseline )
	0.0988
( +1.0% )
	0.0982
( +0.4% )
	0.0949
( -3.0% )
	0.0943
( -3.6% )


5.2
Results on PUSCH mode 3-2

Tables 5 and 6 show the performance of MU-MIMO with different feedback modes. We are also considering the subband bundling proposed in [4]. Based on these simulation results, mode 3-2 provides only a marginal if any improvement over mode 3-1 with ½  antenna spacing. With 4  antenna spacing, mode 3-2 provides only 1.8 - 4.2 % gain over mode 3-1. Release 8 and 10 MU-MIMO performance with mode 3-1 and possible enhancements is shown in the table 7. Based on the simulation results Release 10 without mode 3-2 or additional CQI enhancement is clearly outperforming Release 8 MU-MIMO and concidered MU-MIMO enhancements will not provide significant performance improvements.
Table 3. Average spectral efficiency (bps/Hz) of MU-MIMO with different feedback modes.
	
	Mode 3-1


	Mode 3-2
	Subband bundling for PMI

	XPOL ½ 
	2.420
( baseline )
	2.457
( +1.5% )
	2.430
( +0.4% )

	ULA ½ 
	2.832 
( baseline )
	2.847
( +0.5% )
	2.835
( +0.1% )

	XPOL 4 
	2.072
( baseline )
	2.159
( +4.2% )
	2.107
( +1.7% )


Table 4. 5 % cell edge spectral efficiency (bps/Hz) of MU-MIMO with different feedback modes.

	
	Mode 3-1


	Mode 3-2
	Subband bundling for PMI

	XPOL ½ 
	0.0867
( baseline )
	0.0887
( +2.3% )
	0.0881
( +1.6% )

	ULA ½ 
	0.1182
( baseline )
	0.1196
( +1.2% )
	0.1194
( +1.0% )

	XPOL 4 
	0.0649
( baseline )
	0.0696
( +7.2% )
	0.0665
( +2.5% )


Table 5. Spectral efficiencies (bps/Hz) of Release 8 and Release 10 MU-MIMO with different feedback enhancements in XPOL ½  scenario.

	
	Rel’8 MU-MIMO (3-1)
	Rel’10 MU-MIMO with
Rel’8 CQI (3-1)
	Rel’10 MU-MIMO with
Rel’8 CQI (3-2)
	Rel’10 MU-MIMO with 4 UEs CQI
	Rel’10 MU-MIMO with
AI CQI (3-1)

	Average spectral efficiency
	1.819
( -24.8% )
	2.420
( baseline )
	2.457
( +1.5% )
	2.460
( +1.7% )
	2.481
( +2.5% )

	Cell edge spectral efficiency
	0.0731
( -15.6% )
	0.0867
( baseline )
	0.0887
( +2.3% )
	0.0824
( -4.9% )
	0.0845
( -2.6% )


6
Conclusions

In this contribution we have considered several feedback enhancements options. All these have been based on the previous decision that for 2Tx and 4Tx operation, the Rel. 8 codebook is to be utilized under the Rel.10 framework. We investigated schemes considering both CQI and PMI enhancements.
On MU-MIMO CQI enhancements, we have the following observations:

Observation: There are also other CQI error sources than MU interference. 

Observation: CQI error caused by MU interference is generally smaller than the error caused by other system-level unidealities.

In light of these observations, it becomes clear why the system-level benefits of such CQI enhancements will be negligible. This is also shown by our system-level simulation results. Considering the additional standard effort and the significantly increased UE complexity, we propose:

Proposal: No MU-MIMO –specific CQI enhancements will be introduced in Rel. 10.
We also simulated PUSCH mode 3-2 for 4Tx case with and without subband bundling. 

Observation: Identified gains from subband bundling are limited and do not recommend the utilization of such technique.
Observation: Promising gains are found from PMI enhancements [5]. These are coming with both limited specification impact and feedback overhead, if any.

Observation: Rel-10 MU operation is already introducing a tremendous gain of + 25% in average spectral efficiency and + 15% in coverage (in XP ½ lambda scenario). This is mainly due to the operation of a package of Rel-10 specific features: CSI-RS and DMRS, zero forcing precoding, non-contiguous allocation, tunable CRS overhead.
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Appendix 1 – System simulation parameters

The system simulation parameters are listed in the following table.
Table 3. System simulation parameters.

	Parameter
	Value

	Cellular layout
	Hexagonal, 19 sites, 3 sectors per site

	Traffic model
	Full Buffer

	Simulation scenario
	3GPP SCM NLos UMa 3D
Azimuth spread: 8˚ for 0.5 λ and 15˚ for 4 λ

UE speed: 3 km/h

	Base station antenna configuration
	4 antenna elements
XPOL 0.5 λ and 4 λ
ULA 0.5 λ

	UE antenna configuration
	2 antenna elements
XPOL

	MIMO scheme
	MU-MIMO
Max 2 UEs, 1 layer / UE
SU-MIMO 
with dynamic rank adaptation

	Number of UEs / sector
	10

	Codebook
	Rel’8 4TX codebook

	Precoding
	Zero Forcing using DRS

	TD-FD scheduler
	Proportional Fair – Proportional Fair

	MU-MIMO scheduler
	sum Proportional Fair

	Receiver algorithm
	LMMSE

	Inter-cell interference model
	4Tx transmission with random rank and PMI in interfering cells.

	Channel estimation for demodulation
	Realistic

	Channel estimation for CSI
	CSI-RS Based 

	Reference symbol overhead
	Legacy overhead: 2Tx Rel’8 CRS
DRS overhead: 12 RE / PRB
CSI-RS overhead: 4 RE / PRB, 10 ms interval

	PMI
	Sub-band size 6 / 50 PRB
10 ms reporting interval
6 ms delay

	CQI
	Sub-band size 6 PRB
10 ms reporting interval
6 ms delay

	OLLA
	Enabled
BLER target 10%

	HARQ
	6 ms Ack/Nack delay
6 processes
Maximum 4 transmissions

	PDCCH
	Only the overhead modelled

	UE noise figure
	9 dB

	UE distribution within cell
	Uniformly dropped to entire cell


