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1. Introduction
Based on the evaluation results for the ITU-R submission, single-cell enhanced Multi-User MIMO (MU-MIMO) was 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 using higher-layer signaling, and transparent MU-MIMO with a limited transmission rank of one per MU-MIMO UE is used. In Rel. 9 LTE, dynamic switching between SU/MU-MIMO was introduced. The transmission rank per MU-MIMO UE was also increased up to two. At the RAN1#59 meeting, the transparency of MU-MIMO was discussed further for LTE-Advanced in [1]-[5]. The observations below were made.

· There is 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 Demodulation Reference Signal (DM-RS) ports are used for other UEs

· Power offset

In this contribution, we describe 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 DM-RS port, and that there is no additional Downlink Control Information (DCI) or higher-layer signaling concerning the co-scheduled UEs, e.g., DM-RS ports of co-scheduled UEs. On the other hand, non-transparent MU-MIMO at least indicates whether or not other UEs are 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, or notification regarding the DM-RS ports of co-scheduled UEs could be sent.
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 basically 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 increase in the size of the DCI to indicate the information regarding the co-scheduled UEs is excessive. 
On the other hand, non-transparent MU-MIMO may yield some performance benefits compared to transparent MU-MIMO for the following reasons.

· Effective support of advanced receivers
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. If DM-RS ports of co-scheduled UEs are used to employ the IRC receiver, indication of the DM-RS ports of co-scheduled UEs is necessary. Otherwise, since the UE does not know the channel information regarding the existence of the co-scheduled UEs, we always assume the existence of co-scheduled UEs. Based on our previous evaluation results, the benefit of indicating the DM-RS ports of co-scheduled UEs is marginal.

· Avoid collapsing of DM-RS orthogonality
According to the current agreement for Rel. 10, the orthogonal DM-RS density is changed according to the total transmission rank. More specifically, the orthogonal DM-RS densities are 12 REs/RB for the total rank of up to 2 and 24 REs/RB for the total ranks of 3-8. 
If the agreed orthogonal DM-RS multiplexing with CDM + FDM is used, the UE is not aware of the exact DM-RS density in the case of transparent MU-MIMO when the UE’s own rank is not more than two. Therefore, collision between the DM-RS and PDSCH among co-scheduled UEs will occur when the total transmission rank is greater than two. As a one way to avoid such a collision, semi-static puncturing of the PDSCH is considered. However, in this case the user throughput performance is severely degraded due to the increasing overhead [6]. With the additional signaling information of the DM-RS density, non-transparent MU-MIMO can overcome the disadvantages of transparent MU-MIMO described above. More specifically, with the signaling of the total rank or DM-RS density information, dynamic puncturing of the PDSCH can be achieved so that no collisions occur between the DM-RS and PDSCH.
Application of CDM multiplexing with the Orthogonal Cover Code (OCC) length of 4 was also proposed to achieve both orthogonal DM-RS multiplexing and a fixed DM-RS density [7]. In this scheme, the DM-RS density can be fixed to 12 REs/RB for MU-MIMO for up to 4-layer multiplexing. Therefore, no indication of the DM-RS density is necessary. However, in this case, the UE needs to acknowledge the OCC length for signal detection. Therefore, indication of the OCC length is necessary, and the UEs have two kinds of channel estimation schemes for the respective OCC lengths when the UE transmission rank is 1 or 2. There is a concern of performance degradation in a high Doppler scenario. Since the considered main scenario to which MU-MIMO is to be applied is a macrocell with a narrow angular spread of departure (AoD) at the eNB, the impact of a high Doppler frequency should be carefully investigated.

3. Comparison of Transparent and Non-transparent MU-MIMO Schemes
In this section, we provide detailed descriptions on transparent and non-transparent MU-MIMO schemes for comparison in this contribution. In this contribution, use of orthogonal DM-RS with the OCC length of 2 or 4 is assumed. Note that our view on the DM-RS configuration is presented in another contribution [8].
(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. When the OCC length is fixed to 2, various implementations as given hereafter can be applied to the mapping of the PDSCH [6]. In the evaluation, we evaluated the following Case 1 and Case 2 assuming the usage of 4 CDM+FDM orthogonal DM-RSs for spatial multiplexing of co-scheduled UEs.
· Case 1: The data signals of a UE in the PDSCH are transmitted except for the 12 REs/RB corresponding to its own DM-RS port irrespective of the total transmission rank. In this case, the total transmission data rate is maximized, although the data signals of the UE will interfere with the DM-RS of co-scheduled UEs.  
· Case 2: For the UEs with DM-RS ports 7 and 8 assigned, the data signals of the UEs are transmitted except for the 12 REs/RB corresponding to its own DM-RS port irrespective of the total transmission rank. On the other hand, for the UEs with DM-RS ports 9 and 10 assigned, the data signals of the UE are transmitted except for the 24 REs/RB corresponding to the DM-RS port of all co-scheduled UEs when the total transmission rank is greater than 2. In this scheme, the data signals of the UE with DM-RS ports 7 and 8 assigned will suffer no interference from the DM-RS of co-scheduled UEs.  On the other hand, the data signals of the UE with DM-RS ports 9 and 10 will interfere with the DM-RS of co-scheduled UEs.
In addition, the OCC length fixed at 4 with CDM spatial multiplexing is evaluated as well, in which the DM-RS density is fixed to 12 REs/RB.
(2) Non-transparent MU-MIMO
In the case of non-transparent MU-MIMO, assuming the usage of 4 CDM+FDM orthogonal DM-RSs, based on different levels of signaling for the co-scheduled UEs, the following Case 1 and Case 2 are considered. 
· Case 1: Indication of DM-RS density via DCI is assumed. 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 multiplexes the PDSCH of the UE except for the 12 REs/RB corresponding to its own DM-RS ports. On the UE side, the UE acknowledges the difference in the PDSCH mappings corresponding to the DM-RS density.

· Case 2: Indication of DM-RS ports of the co-scheduled UEs is assumed. The difference compared to Case 1 for non-transparent MU-MIMO is that the UE can perform IRC with no blind decoding of the DM-RS port for the co-scheduled UEs.
In addition, we also evaluate the non-transparent case of CDM, in which OCC length of 2 is used for total ranks 1-2 and the OCC length of 4 is used for total ranks 3-4. In this case, the indication of the OCC length via DCI is assumed, and the DM-RS is fixed to 12 REs/RB. We note that the effect of power offset is not considered for simplicity.
4. Link-Level Simulation
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 and MU-MIMO scheme. In the simulation, we assume both the Maximal Ratio Combining (MRC) and IRC receivers. As mentioned in Section 2, we always assume the existence of co-scheduled UEs in the case of the IRC receiver except for non-transparent MU-MIMO Case 2.
Table 1 – Simulation Parameters
[image: image1.emf]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

Highly correlated at eNB (

r

= 0.95) / 

Uncorrelated at UE

MaximumDoppler frequency f

D

=5.55 Hz

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

Dimensioning of MU-MIMO

Rank 1 for each UE /

Up to Rank 4 for spatial multiplexing of UEs

Number of UEs in a cell 10 UEs

Scheduling algorithm Frequency-domain scheduling based on PF

Traffic model Full buffer

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 WidebandRank 1 PMI feedback

CQI feedback SubbandRank 1 CQI feedback

Codebook Householdercodebook same as Rel. 8 LTE

Channel estimation Realistic channel estimation using DM-RS

UE receiver assumption MRC / IRC


4.2
Simulation Results

Figures 1(a) and 1(b) show comparisons of the total user throughput among transparent and non-transparent MU-MIMO schemes. The figures show that the performance levels of all MU-MIMO schemes are very close for low and middle SNRs since the total transmission rank is not more than 2. On the other hand, the performance difference is observed when SNR is greater than 10 dB.

First we focus on the OCC length of 2. The figures show that non-transparent MU-MIMO achieves better performance compared to transparent MU-MIMO especially in the case of IRC receiver. However, we see that the performance of non-transparent MU-MIMO Case 1 is almost identical to non-transparent MU-MIMO Case 2 for the IRC receiver. Therefore, at least, indication of the DM-RS ports of co-scheduled UEs is not necessary. When we observe the performance of transparent MU-MIMO, transparent MU-MIMO Case 2 achieves better performance compared to transparent MU-MIMO Case 1, and achieves almost the same performance as non-transparent MU-MIMO for both the IRC and MRC receivers. If data puncturing with no indication of DM-RS density in transparent MU-MIMO Case 2 is allowed, we can totally say that transparent MU-MIMO is sufficient, otherwise, indication of the DM-RS density contributes to some extent to the performance improvement in a high SNR region from these figures.
Next when we look at the result of the OCC length of 4, the figures show that this case can achieve slightly better performance compared to when the OCC length is fixed to 2. In addition, non-transparent MU-MIMO with adaptive selection between the OCC lengths of 2 and 4 is slightly better than transparent MU-MIMO with the OCC length fixed to 4 for the IRC receiver.
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Figure 1 – Comparison of link-level throughput performance 
5. System-Level Simulation

In this section, we further provide system-level simulation results to investigate the actual system gain using non-transparent MU-MIMO. We assume 3GPP Case 1 for the multi-cell configuration and path-loss models. Regarding spatial correlation, we use the same spatial correlation model as that used in the link-level simulation. The antenna tilt in the azimuth domain is taken into account.
Figures 2(a) and 2(b) show a comparison of the cumulative distribution function (CDF) of the user throughput among transparent and non-transparent MU-MIMO schemes, and Tables 2(a) and 2(b) summarize the corresponding comparison of the average cell throughput. We see that for the MRC receiver, the average cell throughput levels of different MU-MIMO schemes are almost the same. When the IRC receiver is used, some performance differences are revealed because the IRC receiver is more sensitive to the DM-RS interference. More specifically, the results show that when the OCC length is fixed to 2, non-transparent MU-MIMO has approximately a 6% and 2% gain over transparent Case 1 and Case 2, respectively. The performance of non-transparent Case 1 and 2 are still very close, similar to that in the link-level results. In addition, when the OCC length is 4, the performance gain over the case when the OCC length is fixed to 2 is marginal.
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Figure 2 – Comparison of CDF of UE throughput in system-level simulation 
Table 2 – Comparison of Average Cell Throughput in System-Level Simulation

(a) MRC Receiver
	MU-MIMO schemes
	Average cell throughput (Mbps)
	Gain

	Transparent, OCC = 2, Case 1
	27.59
	0.0%

	Transparent, OCC = 2, Case 2
	27.61
	0.1%

	Transparent, OCC = 4
	27.95
	1.3%

	Non-transparent, OCC = 2, Case 1/2
	27.59
	0.0%

	Non-transparent, OCC = 2/4
	27.68
	0.3%


 (b) IRC Receiver
	MU-MIMO schemes
	Average cell throughput (Mbps)
	Gain

	Transparent, OCC = 2, Case 1
	30.32 
	0.0%

	Transparent, OCC = 2, Case 2
	31.73 
	4.7%

	Transparent, OCC = 4
	31.88
	5.2%

	Non-transparent, OCC = 2, Case 1
	32.31 
	6.6%

	Non-transparent, OCC = 2, Case 2
	32.24 
	6.3%

	Non-transparent, OCC = 2/4
	32.54
	7.3%


6. Conclusions
In this contribution, we addressed our views on the transparency of MU-MIMO for LTE-Advanced, and provided a performance comparison between transparent and non-transparent MU-MIMO schemes. Our current views are given below. 
· Indication of DM-RS ports of co-scheduled UEs does not significantly contribute to the performance improvement.
· If agreement is reached to support orthogonal DM-RS with FDM +CDM, indication of the DM-RS density will contribute to performance improvement by approximately 6% at maximum unless data puncturing with no indication of DM-RS density in our transparent MU-MIMO Case 2 is allowed. This depends on the results of discussion on the DM-RS configuration for MU-MIMO. 
· Compared to orthogonal DM-RS with FDM +CDM, using the OCC length of 4 yields a very slight performance gain.
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