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1. Introduction

Both unitary precoding and zero forcing (ZF) precoding based MU-MIMO need to report channel quality indicator (CQI) from UE to eNodeB. Since the possible number of different user combinations is smaller in unitary precoding it simplifies the CQI calculation at the UE. Basically, the unitary precoding needs to feedback similar CQI as the precoded SU-MIMO does for a specific rank. However, in the ZF precoding scheme, the CQI of the transmission to occur can not be accurately known at the time when CQI is calculated. The impact of this feature is studied in this contribution. For simplicity, the study is based on SINR since it is one traditional measure, which can be used to generate CQI reports. This contribution studies only the effect of multi user interference to ideal SINR. No estimation errors, feedback delays or SINR quantization to actual CQI reports are taken into account. Thus, these results are optimistic in terms of final CQI reporting performance.
2. SINR calculation
The SINR equations for the simulated SINRs are shown in this section. First the ideal SINR is shown which is considered as the baseline SINR. Three SINR approximations that could be used as MU-MIMO CQI are benchmarked against the ideal SINR. The level of information on the multi user interference varies between the 3 approximations. The approximations are intended to be applicable to ZF MU-MIMO where the user scheduling is not known while estimating the CQI report. On the other hand, some of the SINR approximations may also be used with the unitary or non-unitary precoding schemes [3]. 
Ideal SINR
The SINR of one sub carrier for MU-MIMO scheme equals
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where Wrx(1,:) is the first row of the matrix and Wtx(:,2:end) is the Wtx matrix excluding the first column. The Wrx, H and  Wtx are the receive filter, propagation channel and transmit filter, respectively. The σn equals the noise variance. The first user is always the user of interest and the transmit precoder weights are normalized to produce unity power output from the eNodeB.
The transmit filter may be calculated as in the ZF solution, i.e. 
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, where the matrix C contains the effective channels fed back by the scheduled users [1]. The transmission precoder matrix can be written as 
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, if ZF is not used. In this case the user pairing may be forced to be unitary, i.e.  
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 [3]. The receive filter can be calculated by the UE according to LMMSE criterion assuming that UE knows the used full precoding matrix, i.e. the UE know the number of co-channel MU-MIMO users and their used precoding vectors. If the precoding matrix is not known by the UE, the receiver can only utilize the information from the own precoding vector and the receiver will reduce to MRC like combining.
Averaged SINR for CQI reporting
In the spirit of the reported SINR being an average of all allowed user combinations, normalized by the filter scaling factor
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In this equation, the LMMSE solution is calculated for each of the possible user pairings. The eNodeB may calculate the final SINR by scaling:
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Approximate SINR for CQI reporting
According to [2] the CQI report can be based on the following SINR assuming two spatially multiplex users
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Where the 
[image: image9.wmf]eff

h

 equals the effective channel where receive beamformer has been used to combine the receive antennas. In this study we have used the receiver beamformer which was based on the SVD decomposition of the channel because the interference source is not known while calculating the reported SINR. The eNode B can scale the reported CQI by
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MRC SINR for CQI reporting
Assuming that the precoding can eliminate all multiuser interference, the SU single stream MRC SINR should be sufficient for the CQI purposes. The lack of multiuser interference also means that the LMMSE receiver reduces to MRC receiver. Thus,
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And yet again, the eNodeB can scale the reported SINR according to user scheduling taking into account the power distribution for several users, 
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3. Numerical Results

Simulations were made with the following assumptions:

· 2x2 or 4x2 system
· 2 spatially multiplexed users
· TU and Pedestrian A (PA) channel models.
· 10 MHz bandwidth.
· UEs transmit always with full bandwidth.
· The receiver is an LMMSE receiver which may or may not be aware of the interfering UE.
· 10 precoding weights in frequency domain.
· 25 CQI values in frequency domain (average reported SINR over each RB pair)
· 5 bit DFT codebook for ZF precoding and 2 bit DFT codebook for unitary precoding
ZF Precoding
Tables 1 to 4 depict the standard deviations of SINR error for 2x2 and 4x2 schemes in TU and PA channels if 2 users are served. The SINR is studied on whole system bandwidth. Scheduling information is based on the CQI and thus not only the scheduled bandwidth is important. The error in TU channel is larger than in PA channel due to the increased frequency selectivity and limited frequency domain granularity. The approximate SINR seems to provide worst performance. However, the SU MRC based SINR and average SINR seems to provide better accuracy. On the other hand, the standard deviation does not take into account the error caused by the non zero mean. However, eNodeB should be able to remove the bias by monitoring ACK/NACK feedback if the conditions and the bias do not change too fast.
Figures from 1 to 8 depict histograms on the SINR error for various 2x2 schemes. For reference, SINR error for single user/stream transmission is also shown, labeled as “single”. The graphs for dual streams SINR errors are labeled as “multi”. It is easily seen from the figures that the approximate SINR has the worst performance. The average and MRC SINRs perform similarly. On higher SNRs the MRC SINR becomes optimistic especially if the receiver can not suppress the multiuser interference. 
Main observations are:

· At low geometry factors, the other cell noise dominates the interference characteristics.

· In TU channel, the error comes mainly from the frequency domain variation of the channel.

· The approximate SINR has large error.

· Simple MRC SINR and average SINR seem to provide good performance.

· Interference awareness at the receiver helps the CQI accuracy.
Table 1. Standard deviation of SINR error in TU channel for 2x2 MU-MIMO. (in dB)

	SNR [dB]
	Approximate SINR (LMMSE receiver)
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	Approximate SINR (MRC receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)

	5
	5.4
	4.4
	4.4
	5.5
	4.6
	4.6

	10
	5.7
	3.9
	3.8
	6
	4.5
	4.4


Table 2. Standard deviation of SINR error in PA channel for 2x2 MU-MIMO. (in dB)

	SNR [dB]
	Approximate SINR (LMMSE receiver)
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	Approximate SINR (MRC receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)

	5
	5.7
	3.5
	3.5
	5.7
	3.7
	3.6

	10
	6.7
	3.2
	2.8
	6.8
	3.7
	3.3


Table 3. Standard deviation of SINR error in TU channel for 4x2 MU-MIMO. (in dB)

	SNR [dB]
	Approximate SINR (LMMSE receiver)
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	Approximate SINR (MRC receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)

	5
	3.3
	2.8
	2.6
	3.4
	3
	3

	10
	3.7
	3
	2.8
	4.1
	3.6
	3.3


Table 4. Standard deviation of SINR error in PA channel for 4x2 MU-MIMO. (in dB)

	SNR [dB]
	Approximate SINR (LMMSE receiver)
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	Approximate SINR (MRC receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver) 

	5
	3.2
	2.2
	2
	3.2
	2.4
	2.2

	10
	3.7
	2.4
	2.2
	4
	3.2
	2.8
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Figure 1. SINR error, TU G=5 dB, LMMSE receiver.
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Figure 2. SINR error, TU G=5 dB, MRC receiver.
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Figure 3. SINR error, TU G= 10 dB, LMMSE receiver.
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Figure 4. SINR error, TU G=10 dB, MRC receiver.
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Figure 5. SINR error, PA G= 5 dB, LMMSE receiver.
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Figure 6. SINR error, PA G= 5 dB, MRC receiver.
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Figure 7. SINR error, PA G= 10 dB, LMMSE receiver.
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Figure 8. SINR error, PA G= 10 dB, MRC receiver.




Unitary Precoding

This section shows the same simulations as in previous section but instead of ZF precoding unitary precoding is applied. The average SINR reduces to SU-MIMO dual stream SINR because the allowed user set contains only the single orthogonal vector. However, the SU single stream SINR seems to achieve relative good performance. 

The figures also depict the single stream SINR for reference. It can be observed that the multi stream SINR error tends to be smaller for unitary precoding while compared to ZF precoding. In addition, the MRC SINR seems to achieve good performance, while compared to average SINR, which actually is the ideal reported one for unitary precoding. The CQI accuracy is better in case that the receiver is aware of the interference structure (denoted with LMMSE) than in case of a interference non-aware receiver (denoted with MRC receiver).
Table 1. Standard deviation of SINR error in TU channel for 2x2 MU-MIMO. (in dB)

	SNR [dB]
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)

	5
	2
	1.6
	2
	1.7

	10
	2.5
	2
	3
	2.2


Table 1. Standard deviation of SINR error in PA channel for 2x2 MU-MIMO. (in dB)

	SNR [dB]
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)

	5
	1.2
	0.4
	1.5
	0.4

	10
	1.9
	0.4
	2.6
	0.6


Table 1. Standard deviation of SINR error in TU channel for 4x2 MU-MIMO. (in dB)

	SNR [dB]
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)

	5
	
	
	2.5
	1.8

	10
	2.9
	2
	3.4
	2.3


Table 8. Standard deviation of SINR error in PA channel for 4x2 MU-MIMO. (in dB)

	SNR [dB]
	MRC SINR (LMMSE receiver)
	Average SINR (LMMSE receiver)
	MRC SINR (MRC receiver)
	Average SINR (MRC receiver)  

	5
	
	
	2
	0.5

	10
	2.6
	0.6
	3
	1
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Figure 9. SINR error, TU G= 5 dB, LMMSE receiver.
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Figure 10. SINR error, TU G= 5 dB, MRC receiver.
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Figure 11. SINR error, TU G= 10 dB, LMMSE receiver.
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Figure 12 SINR error, TU G= 10 dB, MRC receiver.
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Figure 13. SINR error, PA G= 5 dB, LMMSE receiver.
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Figure 14. SINR error, PA G= 5 dB, MRC receiver.
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Figure 15. SINR error, PA G= 10 dB, LMMSE receiver.
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Figure 16. SINR error, PA G= 10 dB, MRC receiver.




4. Discussion and Conclusion
In this contribution, different possible MU-MIMO CQI measures have been investigated considering their accuracy. For simplicity, the study was based on SINR since it is one traditional measure, which can be used to generate the final CQI reports.
The results indicate that the CQI estimation error is likely to be larger for ZF precoding than for unitary precoding. It also seems that simple single stream SU-MIMO CQI achieves relatively good quality output for ZF precoding especially if the receiver can suppress multiuser interference.
For unitary precoding, the single and dual stream SU-MIMO CQIs are ideal if the different ranks can be reported. If only single CQI report is to be fed back, single stream SU-MIMO report seems to be accurate enough if the receiver can suppress the multi user interference. Furthermore, the results in the appendix show that single stream SU-MIMO CQI is optimum choice if single user is served. Thus, limiting in maximum to 2 scheduled users in space domain, the single stream SU-MIMO CQI report seems attractive.
In general, it seems that single stream SU-MIMO CQI report could be used as a basis for the MU-MIMO CQI reporting. The calculation of this type of CQI report should also be relatively straightforward and result in a low computational complexity for the terminal.
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Appendix: Comparison of SINR Error while One User is Served
Main parameters:

· 4x2 System

· PA channel

· LMMSE receiver
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Figure 18. ZF precoding, G = 10 dB.
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Figure 20. Unitary precoding, G = 10 dB.
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