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1 Introduction

Downlink Multi-user MIMO (MU-MIMO) was discussed during the development of LTE Rel.8, and is currently captured in TS36.213. However, LTE-A has higher performance requirements compared to Rel.8, and it is necessary to optimize MU-MIMO further in order to reach these targets. Prior contributions [1-11] have indicated ways to improve the MU-MIMO performance. In this contribution, we further discuss MU-MIMO for LTE-Advanced and highlight some additional techniques for downlink MU-MIMO performance enhancement that could be applied to Rel.9 and Rel.10.
2 Problems with MU-MIMO in Rel.8.
Downlink MU-MIMO as it is currently described in Rel.8 suffers from several problems which may limit the performance. In Figure 1, the performance of MU-MIMO in Rel.8 is given and compared to the theoretical and practical optimum performances. Clearly, there is a large gap due to the inefficient design of MU-MIMO in Rel.8. The possible underlying reasons that need further considerations are listed below:

1. Inaccurate CQI calculation: The CQI calculation in the UE is the same as for SU-MIMO rank 1 precoding and the UE therefore assumes that it is scheduled alone in the resource. Hence, the MU-MIMO CQI calculation is only accurate when MU-MIMO is not used in that resource, which will lead to degraded performance [15],[16]. So when the UE is co-scheduled with other UEs in the resource, the reported CQI will have a systematic error with the error especially severe for single antenna UEs [17]. Methods to improve the CQI calculation and/or reporting for MU-MIMO should be considered.
2. Codebook design: The current MU-MIMO codebook is based on the SU-MIMO codebook and is very coarse. As such, even in situations where there are many UEs to be scheduled, selecting an interferer with a codeword orthogonal to the UEs channel is difficult and results in high inter-user interference. Codebooks for MU-MIMO should be further studied and backward compatibility should be desired so that LTE and LTE-A UEs can be co-scheduled in MU-MIMO.
3. The number of co-scheduled UEs: In LTE, the UE does not know the number of interfering transmissions from other MU-MIMO scheduled UEs. In the LTE standard, the only hint a UE has on whether other UEs are co-scheduled or not is given by a binary parameter indicating the used transmit power. Without information about the number of interferers, the UE does not know if there is need for an interference suppression scheme even if it had capability to do so. 
4. Precoding is wideband only: In LTE, only wideband precoding for MU-MIMO is supported. Although it simplifies the scheduling and pairing of co-scheduled UEs, it should be studied how much this restriction really limits the performance and if there are reasons to relax this constraint. 
5. The interference between co-scheduled UEs: The co-scheduled user interference could be reduced by two principles, suppressing the interference at the transmit side or at the receive side. This is discussed in more detail below:
a)  Interference suppression at the transmit side (eNB)
Transmit side suppression is not possible in LTE Rel 8. To reduce the multi-user interference it is necessary to avoid scheduling users with similar downlink channels (for example by scheduling users that feed back orthogonal precoding vectors).  For LTE-A, transmit filtering to reduce this interference should be further studied by using schemes such as LMMSE or Zero Forcing precoding. However, these approaches are only effective for highly correlated channels and/or narrow bandwidth channels as transmit filtering schemes require accurate knowledge of the downlink channel at the transmitter side.  Frequency selective, large bandwidth and/or uncorrelated channels require much higher feedback to accurately represent the channel and a much bigger codebook to accurately quantize the channel. The scheme with transmit side interference suppression, generally, show the largest gain for low-end UEs which cannot do any receiver side interference suppression.  
b) Interference suppression at the receive side (UE)  

Receiver suppression or filtering is possible if the UE has multiple receive antennas. This method is robust for frequency selective uncorrelated channels as the UE filtering is done per-tone compared to the transmit side filtering which needs to be done with a constant transmit filter across a band of several subcarriers. The difference is due to channel feedback constraints. Receiver filtering is greatly enhanced if the used interfering precoding vectors of co-scheduled users are available at the UE [15]. Ways to signal these precoding vectors and the associated gains should be further analyzed.  
6. Single stream per UE: LTE support a single layer or stream reception per UE only. The support and performance of multiple layer transmission to multiple co-scheduled UEs should be further studied.     
As is shown in Figure 1, we are quite far from what could be achieved in terms of capacity when using MU-MIMO. Some known problems have been listed above and it is important to study which of these problems are significant and can be practically solved and thus deserve the effort to be improved. For instance, Figure 1 hints that changing the codebook type or changing the MU-MIMO scheme e.g. to zero forcing beamforming  or zero forcing dirty paper coding increasing the current codebook size in zero forcing  beamforming, are candidates that would give large improvements but schemes to practically implement these changes needs to be investigated. 
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Figure 1 Capacity Curves for MU-MIMO with different size codebooks

Multi-user MIMO: 4 Tx antenna, 1 Rx antenna with K = 10 and independent Rayleigh fading channels.

3 Proposed improvements
Given the current problems outlined before as well as the performance gap shown above, we propose improvements that should be evaluated for possible inclusion in Rel.9 and Rel.10. Hence, a 2-stage approach is presented where the stage 1 enhancements are suitable for inclusion in Rel.9 and stage 2 for Rel.10. It shall be noted that although improvements are introduced, the system must be backward compatible so that Rel.8, Rel.9 and Rel.10 UEs can be scheduled together in the MU-MIMO mode. 
3.1 Stage 1 Enhancements 

For Rel.9, small changes could be considered, such as changing of the signalling without increasing the number of transmitted bits. We now present two possible stage 1 enhancements that should be further considered.

· One straightforward enhancement is to redefine the CQI calculation method in the UE in the case of MU-MIMO. For instance, the UE could report the normal CQI calculated from the common reference symbols and a ∆CQI which is an average CQI degradation per additional interferer to the base station. Some restricting assumptions needs to be made about the possible interfering precoding vectors when calculating the average CQI degradation, to avoid taking the unlikely scheduler decision that close to co-linear precoding vectors are used into account. The ∆CQI feedback makes the total overhead the same as the SU-MIMO case and allows the base station to compensate for the additional UEs transmitted simultaneously. 
· Another simple enhancement is the signalling of the number of co-scheduled UEs and the precoding vectors used by the other simultaneously scheduled UEs to the desired UE for improved interference suppression. An efficient scheme of doing this is exemplified in the following: Consider the 4 transmit antenna case at the base station. We assume that each user consumes one data stream and is assigned one out of 4 orthogonal precoding vectors for data transmission. A maximum of 4 users can be supported simultaneously. Let user A be precoding vector of the interested user while B, C, D be potential interfering precoding vectors. The number of combinations of precoding vectors depends on the transmission rank (i.e. the number of co-scheduled UEs):

· For rank 1 transmissions, user with precoding vector A sees no interference. Hence there is only one combination.

· For rank 2 transmissions, user A sees one interfering precoding vector, either B, C or D. Hence there are three combinations. 

· For rank 3 transmissions, user A sees two interferers, either BC, or BD, or CD. Hence there are three combinations as well. 

· For rank 4 transmissions, user A sees three interferers, i.e. BCD at the same time. Hence there is only one combination possible. 

Altogether we have 8 different combinations of precoding vectors, which can be indexed by 3 bits. Notice that this is less than what TPMI requires in current LTE Rel. 8. In general, for N transmit antenna case, we have the total number of combinations 
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Following the same logic. This amounts to 128 options for the 8 transmit antenna case, which can be indexed by 7 bits. Due to certain practical constraints, some combinations, such as combining precoding vectors with high correlation (almost co-linear), may be excluded leading to less combinations requiring smaller number (5 or 6) of indexing bits.

3.2 Stage 2 Enhancements 

For the Stage 2 enhancements, we can study more advanced MU-MIMO schemes such as zero forcing beamforming (ZFBF) or it’s regularized (LMMSE precoding) version to really reduce the gap to the theoretical limit. Also, the use of dedicated reference signals for MU-MIMO, and methods for opportunistic (i.e. random beamforming) MU-MIMO should be further analyzed. 

Normally ZFBF places a relatively stringent requirement on the accuracy of the channel state information (CSI), while codebook based feedback may not provide satisfactory CSI always. This can be improved by better codebook design with backwards compatibility the LTE Rel. 8 codebook. As an alternative, analog feedback may be used in the sounding reference symbol (SRS) to reduce the distortion due to channel quantization to enable accurate ZFBF on the eNB side. 

An important issue is also how to handle co-scheduling of UEs with different capabilities. We propose to use a 2 stage signalling for the LTE-A UEs to differentiate between basic (Rel.8) and enhanced (Rel. 10) mode MU-MIMO. For the basic mode, we start with existing Rel.8 LTE codebook and its signaling. In particular, the UE feeds back the PMI (Precoding Matrix Information) using 3 bits, since only the 8 columns from DFT design are useful for correlated arrays [13,14]. On top of that, the UE also reports a stage-selection bit to decide on stage 1 or stage 2 MU-MIMO. Other operations such as coarse pairing of users, rank adaptation and precoding are done similarly to LTE Rel. 8. 

4 Conclusion
We have highlighted problems with the current MU-MIMO support in LTE Rel. 8. These include (a) Inaccurate CQI report (b) Codebook granularity/size, (c) Number of interfering UEs (d) Signalling of precoding vectors to the UE for improved interference suppression and (e) Inability to send Multiple streams per UE.  Simulation results verify that the current Rel.8 MU-MIMO has poor performance and the mentioned issues should be further studied. 

We propose that RAN1 adopt a two step improvement of the MU-MIMO support. In release 9 we could improve minor things such as addressing the signaling issues and in the a more advanced release 10 solution we could aim to reduce the gap between the LTE MU-MIMO and the theoretical limits. 

References

[1] R1-084098, MU-MIMO for LTE-Advanced, Philips, NXP Semiconductors, ST Microelectronics, Nov. 2008
[2] R1-084201, Consideration on DL-MIMO in LTE-Advanced, LG Electronics, Nov. 2008
[3] R1-084320, Considerations on DL MIMO for LTE-Advanced, Nokia, Nokia Siemens Networks, Nov. 2008
[4] R1-084350, Beamforming enhancement in LTE-Advanced, Huawei, CMCC, CATT, Nov. 2008
[5] R1-084399, Aspects to consider for DL transmission schemes of LTE-A, Qualcomm Europe, Nov. 2008
[6] R1-084406, LTE-A DL-MIMO Enhancements - 8-Tx eNB and MU-MIMO Optimization, Motorola, Nov. 2008
[7] R1-084467, Further Simulation Results on the Performance of High Order LTE-A SU-MIMO and MU-MIMO, Nortel, Nov. 2008
[8] R1-084491, Feedback and precoding techniques for MU-MIMO for LTE-A , STMicroelectronics, Philips, Nov. 2008
[9] R1-084492, Unitary beamforming for MU-MIMO with per antenna power constraint for LTE-A, STMicroelectronics, Nov. 2008
[10] R1-084493, Physical limits of SU-MIMO configurations for LTE-A, STMicroelectronics, Nov. 2008
[11] R1-084494, Precoding with User Scheduling in MU-MIMO for LTE-A, STMicroelectronics, Nov. 2008
[12] R1-084495, Reliability of the channel knowledge at the eNodeB for MU-MIMO systems, STMicroelectronics, Nov. 2008
[13] R1-074469, MU-MIMO Codebook Selection and Signaling Considerations for E-UTRA, InterDigital Communications LLC, Oct 2007
[14] R1-074254, Codebook for MU-MIMO, Philips, NXP Semiconductors, Oct 2007

[15] R1-081745, CQI reporting for MU-MIMO, Samsung, May 2008
 [16] R1-074046, MU-MIMO for E-UTRA, Motorola, October 2007.

[17] R1-074255, CQI definition for MU-MIMO, Philips, October 2007
[18] 3GPP TR 36.913 V8.0.0 (2008-06), Requirements for Further Advancements for E-UTRA (LTE-Advanced)  (Release 8)
























































































