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1. Introduction
From the evaluation results for ITU-R submission, single-cell enhanced Multi-User MIMO (MU-MIMO) has been identified as an important technique for LTE-Advanced to improve the system performance. In Rel. 8 LTE, Single-User MIMO (SU-MIMO) and MU-MIMO are supported by different transmission modes that are configured semi-statically by higher-layer signaling, and in Rel. 9 LTE, transparent MU-MIMO is used and up to Rank 2 transmission is supported. At the RAN1#59 meeting, transparency of MU-MIMO was discussed further for LTE-Advanced considering higher rank transmission in [1]-[5]. The observations below were made.

· No clear preference for transparent or non-transparent MU-MIMO at this stage. 

· If MU-MIMO is to be non-transparent, the strongest considered possibilities for downlink signaling include:

· Whether / which DM-RS ports are used for other UEs

· Power offset

In this contribution, we provide our views on the transparency of MU-MIMO in LTE-Advanced from the downlink control signaling perspective and present some simulation results on the performance comparison between transparent and non-transparent MU-MIMO.
2. Discussion on Transparency of MU-MIMO for LTE-Advanced
From the downlink control signaling perspective, transparent MU-MIMO indicates that the UE only knows its own information for PDSCH decoding, e.g., its own rank and Demodulation Reference Signal (DM-RS) port, and there is no additional L1/L2 or higher-layer signaling concerning the co-scheduled UEs, e.g., total rank and DM-RS ports of co-scheduled UEs. On the other hand, non-transparent MU-MIMO indicates that, from the UE perspective, it knows at least whether or not another UE is co-scheduled in the same RB. Regarding the exact additional signaling needed over SU-MIMO, a different level could be applied, e.g., total rank information, and DM-RS ports of co-scheduled UEs. 

The advantages of transparent MU-MIMO compared to non-transparent MU-MIMO are listed below.
· High level of scheduling flexibility

Transparent MU-MIMO allows relatively flexible scheduling. More specifically, there is no limitation regarding the allocation of co-scheduled UEs, i.e., the number of spatially multiplexed UEs can be completely different on different subbands within one TTI. Increasing the scheduling flexibility is beneficial to improving the system performance. On the other hand, in non-transparent MU-MIMO, the allocation of co-scheduled UEs should be aligned, including the total rank and frequency resources.
· Low control-signaling overhead

In transparent MU-MIMO, the same control signaling as SU-MIMO is basically used and there is no additional signaling concerning the co-scheduled UEs. Therefore, a smaller control signaling overhead is needed. On the other hand, due to the additional signaling of the total rank information or DM-RS ports for co-scheduled UEs, etc., an increase in the signaling overhead for non-transparent MU-MIMO is needed. This increased control signaling may reduce the average number of co-scheduled UEs per subframe if the L1/L2 control signaling is used to indicate the information regarding the co-scheduled UEs.

On the other hand, non-transparent MU-MIMO may yield some performance benefits compared to transparent MU-MIMO due to the following reasons.

· DM-RS density information

For Rel. 10 LTE, a different orthogonal DM-RS density is used when the total rank is different. More specifically, the DM-RS density of 12 REs/RB for the total rank of up to 2 has been agreed upon, and the DM-RS density of 24 REs/RB has been agreed upon as the baseline for the total ranks of 3-8 if orthogonal DM-RSs are used. In the case of transparent MU-MIMO, the UE is not aware of the exact DM-RS density when the UE’s own rank is not higher than 2. Therefore, collision between the DM-RS and PDSCH will occur; otherwise, puncturing of the PDSCH is needed. With the additional signaling information, non-transparent MU-MIMO can overcome the disadvantages of transparent MU-MIMO above. With the signaling of the total rank or DM-RS density information, accurate resource element mapping can be achieved without collision between the DM-RS and PDSCH.
· Effective support of advanced receiver

Employing an advanced receiver, e.g., the Interference Rejection Combining (IRC) receiver, can improve the system performance by canceling the interference from the co-scheduled UEs. In transparent MU-MIMO, since the UE does not know the channel information regarding the existence of the co-scheduled UEs, the IRC receiver cannot be used effectively without using the DM-RS.

Here, considering that the support of transparent MU-MIMO is agreed up to Rank 2 transmission, we consider that the discussion points to decide which MU-MIMO scheme is supported for LTE-Advanced, i.e., the difference from Rel. 9 LTE, are given below.

· Benefit of non-transparent MU-MIMO when the maximum transmission rank per MU-MIMO UE is increased, e.g., up to Rank 2.
· Performance gain of non-transparent MU-MIMO when the total number of spatially multiplexed UEs is increased, e.g., up to 4.
In this contribution, we show our preliminary results focusing on the latter part mentioned above.
3. Transparent and Non-transparent MU-MIMO Schemes for Comparison
In this section, we provide detailed descriptions on transparent and non-transparent MU-MIMO schemes for comparison in this contribution. We consider the different transparent and non-transparent MU-MIMO schemes described below. Here, we assume that orthogonal DM-RSs are used for spatial multiplexing of co-scheduled UEs.
(1) Transparent MU-MIMO
In the case of transparent MU-MIMO, the UE does not know the DM-RS density information, which corresponds to the total rank. Various implementations as follows can be applied to the mapping of the PDSCH. 
· Case 1. The eNB does not multiplex the data signals in the PDSCH for the 24 REs/RB corresponding to the possible DM-RS ports regardless of the actual DM-RS density to avoid collision between the DM-RS and PDSCH of different UEs. The UE always assumes that the DM-RS density is 24 REs/RB for the decoding of the PDSCH. Although orthogonality of the DM-RS can be achieved, resources are wasted in the case that the actual DM-RS density is 12 REs/RB.

· Case 2. When the actual DM-RS density is 24 REs/RB, the eNB punctures the data signals in the PDSCH for the additional 12 REs/RB corresponding to the DM-RS ports of the co-scheduled UEs to avoid collision between the DM-RS and PDSCH. On the other hand, when the actual DM-RS density is 12 REs/RB, the eNB multiplex the UE’s PDSCH except for the 12 REs/RB corresponding to its own DM-RS ports. On the receiver side, the UE always assumes the DM-RS density of 12 REs/RB for the PDSCH decoding irrespective of the DM-RS density. Although the orthogonality of the DM-RS can be achieved, the UE will regard the DM-RSs of the co-scheduled UEs as its own PDSCH when the DM-RS density is 24 REs/RB.
· Case 3. The difference from Case 2 is that, even when the actual DM-RS density is 24 REs/RB, the UE’s data signals in the PDSCH are transmitted for the 12 REs/RB corresponding to the DM-RS ports of the co-scheduled UEs. In this case, the total transmission data rate is maximized, although the data signals of co-scheduled UEs will interfere with the DM-RS of the UE. 
(2) Non-transparent MU-MIMO
In the case of non-transparent MU-MIMO, based on different levels of signaling for the co-scheduled UEs, the following two cases are considered. We note that the effect of power offset is not considered for simplicity.
· Case 1. L1/L2 signaling is used to send notification of the additional signaling regarding the DM-RS density. At the eNB, the operation is identical to Case 2 for transparent MU-MIMO. Meanwhile, on the UE side, the UE acknowledges the difference in the PDSCH mappings corresponding to the DM-RS density.
· Case 2. In this case, L1/L2 signaling is used to send notification of the additional signaling for the DM-RS ports of the co-scheduled UEs. The difference compared to Case 1 for non-transparent MU-MIMO is that the UE knows the DM-RS port index for the co-scheduled UEs.
4. Preliminary Simulation Evaluation
4.1
Simulation Conditions
Table 1 summarizes the link-level simulation parameters used in the evaluation. We assume that the first two OFDM symbols in each subframe are for the PDCCH, and the overhead of the common control channel is ignored. We also assume the cell-specific reference signal (CRS) of 2 antenna ports, and the DM-RS density of 12 or 24 REs/RB according to the total transmission rank. In the evaluation, we assume ideal channel estimation of the own channel for the respective UEs except for Case 3 for transparent MU-MIMO. For a fair comparison, the estimation error due to the interference from the PDSCH data signals of the co-scheduled UEs is added to the ideal channel for Case 3 for transparent MU-MIMO.
Table 1 – Simulation Parameters
	Transmission bandwidth 
	10 MHz

	Subframe (TTI) length
	1 msec

	RB bandwidth
	180 kHz (12 subcarriers)

	Subband bandwidth
	1.08 MHz (6 RBs)

	Channel model
	Typical Urban (TU) 

	Spatial correlation between antennas
	High-correlated at eNB ( = 0.95) / Uncorrelated at UE

	Maximum Doppler frequency
	fD = 5.55 Hz

	Number of eNode B / UE antennas
	4 (eNB), 2 (UE) assuming ULA

	Dimensioning of MU-MIMO
	Rank 1 for each UE /
Up to Rank 4 for spatial multiplexing of UEs

	Scheduling algorithm
	Frequency-domain scheduling based on PF

	Traffic model
	Full buffer/ on-off traffic model with activity factor of 0.5

	Control delay (scheduling, AMC)
	4 msec

	HARQ 
	Chase combining

	Round trip delay (HARQ)
	8 msec

	MCS set
	QPSK (R = 1/8 - 5/6), 16QAM (R = 1/2 – 5/6)

64QAM (R = 3/5 – 4/5) 

	PMI feedback 
	Wideband Rank 1 PMI feedback

	CQI feedback 
	Subband Rank 1 CQI feedback

	Codebook
	Householder codebook same as Rel. 8 LTE

	UE receiver assumption
	MRC/IRC


In the simulation, we assume both the Maximal Ratio Combining (MRC) and IRC receivers. For Case 2 for non-transparent MU-MIMO, ideal channel estimation for the DM-RS ports of the co-scheduled UEs is assumed for the IRC receiver. On the other hand, for the transparent MU-MIMO schemes and Case 1 for non-transparent MU-MIMO, IRC based on blind detection is considered since the exact DM-RS port indices are not known. More specifically, we always assume the existence of co-scheduled UEs in blind detection, and the impact of noise is considered when estimating the interference channels, which are not actually transmitted.
4.2
Simulation Results
Figures 1 and 2 show comparisons of the total user throughput among transparent and non-transparent MU-MIMO schemes assuming full-buffer traffic and finite-buffer traffic, respectively. The figures show that non-transparent MU-MIMO achieves better performance compared to transparent MU-MIMO for both the IRC and MRC receivers. Comparing the two non-transparent MU-MIMO schemes, downlink control signaling of the DM-RS density seems sufficient for non-transparent MU-MIMO. Furthermore, Case 3 for transparent MU-MIMO with multiplexing of the PDSCH and DM-RS of the co-scheduled UEs achieves almost the same performance as that for non-transparent MU-MIMO when the received SNRs are less than approximately 10 dB, and slight performance degradation is observed in the high SNR region. Meanwhile, Cases 1 and 2 for transparent MU-MIMO do not exhibit good performance. 
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Figure 1 – Performance comparison with full buffer traffic
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Figure 2 – Performance comparison with on-off traffic
5. Conclusions
In this contribution, we addressed our views on the transparency of MU-MIMO for LTE-Advanced, and provided a preliminary performance comparison among various transparent and non-transparent MU-MIMO schemes. Our current views are given below. 
· When the transmission rank per MU-MIMO UE is limited to one, transparent MU-MIMO with multiplexing of the PDSCH and DM-RS (Transparent Case 3) achieves similar performance to non-transparent MU-MIMO for lower SNRs, e.g., SNR < 10 dB, when the maximum number of spatially multiplexed UEs is 4. 
· Transparent MU-MIMO, always assuming the DM-RS density of 24 REs/RB (Transparent Case 1), and always assuming the DM-RS density of 12 REs/RB with PDSCH puncturing (Transparent Case 2) leads to significant performance loss.
· If non-transparent MU-MIMO is supported, downlink control signaling of the DM-RS density seems sufficient. The necessity of power offset signaling is FFS.
We note that further study is necessary to make a final conclusion considering the following point.
· Benefit of non-transparent MU-MIMO when the maximum transmission rank per MU-MIMO UE is increased, e.g., up to Rank 2, considering the influence of channel estimation error.
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