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1 Introduction
Multi-user MIMO (MU-MIMO) is one of the semi-statically configured transmission modes in LTE downlink (DL). The idea is to allow several users within a cell to be multiplexed spatially at a given time, i.e. these users share the same frequency resources and proper user specific precoding at eNodeB ensures reasonable intra-cell inter-user interference. The goal is to increase the overall cell throughput (i.e. DL capacity) in scenarios with high system load.

In this contribution we discuss the remaining details of DL MU-MIMO in LTE Release 8.
2 Proposals
Number of spatially multiplexed users
In case of 2 Tx MU-MIMO operation, we can spatially multiplex 2 users in MU-MIMO mode or transmit to a single user with rank 1 transmission. In case of 4 available Tx antennas at the eNodeB, one can allow spatial multiplexing of 1, 2, 3 or 4 users. However, transmission to a smaller amount of users than the maximum number of users that can be spatially multiplexed needs to be possible also in the semi-statically allocated MU-MIMO mode. Otherwise the overall cell-coverage/throughput could decrease due to transmit power sharing between different users and it will moreover not be always possible to find appropriate user pairing. 
Certain aspects of the LTE system may restrict the number of users that can/will be spatially multiplexed:

· A very large number of users in the cell would be needed to create enough multi-user diversity in order to select 3 or 4 users to be spatially multiplexed.
· Due to the limited physical downlink control channel capacity (PDCCH), it will not be possible to take full advantage of multi-user diversity through frequency domain packet scheduling and multi-user spatial multiplexing/scheduling .
· During RAN1#53, it was decided not to signal the interference vector, i.e. MU-MIMO UEs are signaled their own precoding matrix index (PMI) only. This does not allow for efficient interference suppression at the UE which in some situations may not be able to cope with the interference generated by up to 3 co-channel UEs.
Limiting the number of UEs that are allowed to be spatially multiplexed in LTE DL MU-MIMO to 2 would have the following advantages:

· Smaller signaling overhead related to the number of co-scheduled UEs (in case the number of UEs or the corresponding power offset is to be signaled).

· Simpler eNodeB scheduler due to a smaller number of scheduling options. The same scheduler (& implementation) can be used for 2 Tx and 4 Tx antenna eNodeBs.
· Lower co-channel interference as only two UEs share the frequency resource. 
Keeping abovementioned restrictions and advantages in mind, the limitation of 2 UEs to be spatially multiplexed in MU-MIMO mode on a physical resource seems to be a reasonable choice [2].
Precoding granularity
MU-MIMO is currently targeted for scenarios with highly correlated transmit antenna elements [1]. The investigations reported in [4] indicate a rather limited gain of frequency dependent precoding feedback for high transmit antenna correlations. Taking also into account the higher UL feedback and possible DL signaling overhead of frequency-dependent precoding, we recommend to restrict the precoding feedback to a single precoding vector valid for the whole bandwidth i.e. wideband precoding is sufficient for LTE DL MU-MIMO.
Channel quality indicator

CQI reporting error results are shown in Appendix 1 for rank-1 (MRC) and rank-2 CQI reports in Pedestrian A channel. Naturally, the rank-1 CQI is optimum whenever rank-1 transmission occurs. In the unitary precoding case, the rank-2 CQI is the optimum if rank-2 transmission occurs in a 2x2 system. The rank-2 CQI is not necessarily optimum anymore if the transmission scheme is not unitary or if a 4x2 antenna system is used or if the number of spatially multiplexed users is larger than 2. Although the average error rate over uniformly distributed ranks of rank-1 CQI in Appendix 1 is marginally larger while compared to the rank-2 CQI, this might not hold in practice. Depending on the scheduling algorithm in the system, it may well be that the rank-1 transmission is used most of the time.
Investigations in Appendix 1 and in [3] indicate that the current working assumption [1] of rank-1 SU-MIMO CQI reporting for MU-MIMO achieves good accuracy in correlated antenna setups where co-channel interference can be kept low. This type of CQI report requires low computational complexity for the terminal and allows the reuse of existing SU-MIMO functionalities & hardware for CQI calculation. Note that that the average rank-2 CQI calculation incurs significantly higher computational complexity wrt. rank-1 SU-MIMO CQI as interference needs to be estimated/averaged for several combinations of potential interference vectors: in case of 2 TX antennas 3 possible interference vectors need to be considered leading to 3 times the computational complexity compared to the SU-MIMO CQI; in case of 4 TX antennas 15 possible multi-user interference precoding vectors need to be considered based on the 4TX codebook which increases complexity by 15 times, leads to higher battery drain and lowers corresponding standby times. In case of allowing up to 4 spatially multiplexed UEs, as proposed by some companies, a second CQI value can only be defined for a certain number of spatial multiplexed UEs (rank-2 CQI, rank-3 CQI or rank-4 CQI) and the computational complexity would be increased even further.
Considering the dramatically increased computational complexity and the similar performance, we recommend to keep the current working assumption for the MU-MIMO CQI. 

UE specific power offset
Power control and its signalling to MU-MIMO UEs plays a crucial role in order to fully achieve the system capacity gains of MU-MIMO. A common assumption so far has been that spatially multiplexed UEs occupy exactly the same physical resources in frequency, i.e. there is no unoccupied resource on the space-frequency grid. In this situation it is commonly understood that the total available power at eNodeB is shared equally among the UEs that are spatially multiplexed together. 
In [5], it is proposed to use 1 (resp. 2) bit signaling of power offsets of {0, -3} dB (resp. {0, -3, -4.8, -6} dB) for a maximum of two (resp. four) spatially multiplexed UEs. However, such a scheme is optimal only if MU-MIMO UE resources are perfectly aligned in frequency (see Appendix 2, Figure 1), which would introduce additional scheduling constraints. Power resources at eNodeB are otherwise under-utilized (see Appendix 2, Figure 2). Results in Appendix 2 & 3 show the gains from having a finer power offset signaling granularity, which naturally depends on the amount of overlap in the frequency allocation among MU-MIMO UEs. Gains are significant especially in case of 4 spatially multiplexed UEs. Candidate power offsets values are given in Table 2 in Appendix 3. On the basis of these results, it can be concluded that 3 to 4 bit power offset signaling achieves close-to-optimal power utilization for both 2 & 4 MU-MIMO UEs. 

Also, as the number of spatially multiplexed UEs may vary from one sub-frame to another, these power levels need to be signalled to the MU-MIMO UEs on a per sub-frame basis on PDCCH. This cannot be achieved with UE-specific RS-to-PDSCH power offset signaling mechanisms which would lead to much higher latency.
PDCCH signaling format

During the RAN1#53 meeting, it was agreed to reuse existing downlink control indication (DCI) format(s) for DL MU-MIMO signaling on PDCCH. By reusing formats, it is meant that no new format with a different bit-width is created. In the chosen existing format, part of DCI information fields may be interpreted differently for MU-MIMO operation and unused bits are ignored or set to predefined values.
There exist currently only two candidate DCI formats for this purpose: format 1B and format 2. Both allow signaling of the precoding matrix index (PMI) for the targeted UE and it was agreed that PMI(s) of the co-channel user(s) are not signaled. Format 1B as such does not allow transmitting additional information like e.g. power offsets, while format 2 can accommodate several additional signaling bits for MU-MIMO by reinterpreting fields normally reserved for the second codeword (HARQ, MCS, …). Format 1B uses the compact resource allocation scheme and therefore its bit-width is smaller than the one of Format 2, which on the other hand supports frequency domain scheduling. Now, each approach has its own merit:
· DCI format 1B can be used for MU-MIMO signaling with a maximum number of 2 spatially multiplexed UEs. The scheduled UE would then assume a -3 dB power offset by default which would result in some loss of performance in the case of partial overlap of resources or if no co-channel UE happen to be scheduled in the same sub-frame. As MU-MIMO and the distributed transmission feature are not likely to be used together, the reuse of the distributed transmission flag would allow for having a 1-bit power offset signaling. Losses due to power sharing do no play in favour or more than 2 spatially multiplexed UEs.
· DCI format 2 would allow signaling of UE specific power offsets. In such a way, we could accommodate a maximum of 4 spatially multiplexed UEs by keeping scheduling flexibility and with minimal loss in system performance due to power sharing. Our analysis shows that power offset signaling with 3 bits achieves close-to-optimal performance for both 2 and 4 spatially multiplexed UEs. A candidate set for power levels can be found in Appendix 3. Another advantage of format 2 is that it is future proof (other bits available for reuse).
3 Conclusions

In this contribution, we consider the remaining issues needed in order to finalize DL MU-MIMO in LTE Release 8. Based on the results and discussion, we propose to the following items to be agreed on:
· A maximum of 2 spatially multiplexed UEs.
· Wideband precoding & feedback.
· Rank-1 SU-MIMO CQI calculation & reporting for MU-MIMO resulting in robust performance and lower computational complexity for the terminal, according to the current working assumption.
· On the choice of PDCCH format to be reused for MU-MIMO:

· DCI format 1B: for up to a maximum of 2 MU-MIMO UEs, with -3 dB power offset assumed by default or 1 bit power offset signaling by reusing the distributed transmission flag for that purpose.
· DCI format 2: in case more than two UEs are spatially multiplexed together, which requires power offsets to be signaled to MU-MIMO UEs in order to avoid losses due to power sharing. The specific values of power offsets would need to be agreed on with a larger number of power offsets than the maximum number of spatially multiplexed UEs resulting in performance gains of up to 2.5 dB.
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5 Appendix 1
The CQI error simulation results are 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. 

Assuming a unitary precoded 4x2 system, the ideal SINR is calculated for a random number of MU-MIMO scheduled users. Two different SINR estimates are calculated. The first one is a single stream CQI where no information on the interfering user is used. The second estimated SINR is the rank-2 SINR where it is assumed that there exists one interfering user. Note that even in the 4x2 unitary precoding case, the precoding vector of the interfering user is not known since there are typically a few orthogonal vectors. In this study, average of SINRs on different vector allocations is calculated. Finally, the ideal and estimated SINRs are compared. The standard deviation of the error is shown in Table 1 in PA channel.

Table 1 Standard deviation of CQI reporting error for unitary precoding in PA channel; geometry factors G={5, 10} dB; 4x2 DL transmission with a maximum of 2 and 4 spatially multiplexed users. 
	
	Single stream transmission (MRC SINR)
	Multi stream transmission (MRC SINR)
	Single stream transmission (rank-2 SINR)
	Multi stream transmission (rank-2 SINR)

	4x2: Max 2 users; LMMSE Rx; G=10 dB
	0.4
	2.3
	1.2
	1.9

	4x2: Max 4 users; LMMSE Rx; G=10 dB
	0.4
	2.9
	1.6
	2.5

	4x2: Max 2 users; LMMSE Rx; G=5 dB
	0.4
	1.6
	0.9
	1.3

	4x2: Max 4 users; LMMSE Rx; G=5 dB
	0.4
	1.9
	1.6
	1.5
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Figure 1 Downlink multi-user transmission with 4 spatially multiplexed UEs which have identical resources in frequency; 2-bit power offset signalling, eNodeB transmits with power 1/4 to each UE. 100% of the total available transmit power is used.
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Figure 2 Downlink multi-user transmission with 4 spatially multiplexed UEs which have partially overlapping resources in frequency; 2-bit power offset signalling, eNodeB transmits with power ¼ to each UE. 55% of the total available transmit power is used and 45% is left unused.
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Figure 3 Downlink multi-user transmission with 4 spatially multiplexed UEs which have partially overlapping resources in frequency; optimal power offset is used, eNodeB transmit to each UE with power 5/11. 100% of the total available transmit power is used.
7 Appendix 3
Table 2 Considered power levels (linear scale) for a maximum of two & four spatially multiplexed UEs. Power level intervals [0.5, 1] in the two user case and [0.25, 1] in the four user case have been divided uniformly to 2^b quantization levels, where b is number of bits used for power level signalling. In the four user case, power levels {1/3, 1/2} are always included in order to make sure that quantization never causes loss in Tx power usage in case spatially multiplexed UEs are allocated the same frequency resources.
	
	# of signaling bits
	Used power levels

	Max. 2 spatially multiplexed UEs
	2
	{0.5, 0.667, 0.833, 1}

	
	3
	{0.5, 0.5714, 0.6429, 0.7143, 0.7857, 0.8571, 0.9286, 1}

	
	4
	{0.5, 0.5333, 0.5667, 0.6, 0.6333, 0.6667, 0.7, 0.7333, 0.7667, 0.8, 0.8333, 0.8667, 0.9, 0.9333, 0.9667, 1}

	Max. 4 spatially multiplexed UEs
	2
	{0.25, 1/3, 0.5, 1}

	
	3
	{0.25, 1/3, 0.4167, 0.5, 0.625, 0.75, 0.875, 1}

	
	4
	{0.25, 0.3, 1/3, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1}



[image: image4]
Figure 4 Average transmit power gain at eNodeB 2-4 bit over 1-bit power offset signalling with a maximum of 2 spatially multiplexed UEs. Frequency resource utilization (i.e. overlapping) between MU-MIMO UEs is varied between 20-100%. Optimal power offset signalling assuming no quantization is shown as reference.
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Figure 5 Average transmit power gain at eNodeB 3-4 bit over 1-bit power offset signalling with a maximum of 4 spatially multiplexed UEs. Frequency resource utilization (i.e. overlapping) between MU-MIMO UEs is varied between 20-100%. Optimal power offset signalling assuming no quantization is shown as reference.
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