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1. Introduction 

In RAN1#58bis, the following conclusions were reached with some aspects FFS for DL DM-RS [1]:
Conclusions

· Baseline is CDM+FDM for further evaluations.

· Continue the study of SDM for further evaluation

· Same location with same density (24RE per PRB)

FFS

· Exact mapping

· OCC length(2 or 4)

· Whether or not RB bundling (from rank1 to 8) 

· (If yes) RB-bundling in frequency domain

· UE knowledge of precoding granularity, implicit or explicit, as a function of rank

· Bundling with single or multiple patterns (e.g, pattern rotation)

In this paper, some issues related to DL DM-RS design are discussed with more attention on DM-RS design for high-order MIMO. 

2. OCC length: 2 or 4
In RAN1 meeting 58 and 58b, DL DM-RS patterns for dual-layer and 4 layer transmission were agreed as shown in Figure 1. Both are using length-2 orthogonal covering code (OCC) to multiplex DM-RS in CDM fashion for two layers on two neighbouring RE along time. 
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Figure 1  DL DM-RS patterns for rank 2 and rank 4 with length-2 CDM

For rank 5-8,  two alternatives were proposed to multiplex DM-RS in time direction:
· Alternative 1: length-4 OCC (OCC-4) to multiplex DM-RS of 4 layers using 4 REs [7][9]
· Alternative 2: length-2 OCC (OCC-2) to multiplex DM-RS of 2 layers using 2 REs [4][5].
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Figure 2  DL DM-RS patterns with length-4 CDM and length-2 CDM
RS patterns for these two alternatives are shown in Figure 2. The OCC-4 pattern provides uniform frequency spacing within one RB, however, as its OCC spreading crosses 9 OFDM symbols (for normal CP), this makes it very difficult to maintain RS orthogonality between layers for UE with medium and high mobility and will cause performance degradation.
On the other hand, spreading of length OCC-2 DM-RS only crosses two neighboring REs in time direction,  which should maintain the same level of RS orthogonality as in 2/4 layer cases. In this case, to support 8 layer DM-RS with the same overhead, the density of RS for each layer is reduced, and the RS pattern for each layer are re-arranged, which differ from 2/4 layer pattern,  in order to maintain more even distribution along time and frequency. As a result, time/frequency spacing is not as uniform as that for 2/4 layer cases which may cause some performance degradation due to interpolation. 

To evaluate two alternatives RS patterns from performance point of view, link level simulation are carried out to show the trade-off between interpolation loss due to pattern arrangement and spreading loss due to sensitivity to mobile speed. Results are shown in Figure 3 and Figure 4, while the simulation assumptions are summarized in Table 1. 
Table 1 Simulation assumptions
	Transmission Bandwidth
	10MHz

	Carrier Frequency
	2.0GHz

	Channel Model
	EPA, ETU, with 0, 1, 2, 3, 10, 30 km/h

	Number of Tx antennas
	8

	Number of Rx antennas
	8

	Number of Control Symbols
	3

	Channel estimation
	2-D MMSE over 2 RB
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Figure 3 Length-4 OCC vs length-2 OCC, EPA = 0, 1, 2, 3 10, 30 km/h
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Figure 4 Length-4 OCC vs length-2 OCC, ETU = 0, 1, 2, 3 10, 30 km/h
For EPA channel, which is shown in Figure 3, OCC-2 pattern has a bit larger performance loss as compare with OCC-4, at mobile speed = 0km/h and at low SNR for mobile speed <=3km/h. This is caused by the interpolation error of re-arranging OCC-2 pattern where spacing in time and frequency is not as uniform as in OCC-4. As at very low mobile speed, OCC-4 pattern can still main reasonable RS orthogonality among layers.  
Since EPA channel is less selective in frequency, either OCC-4 or OCC-2 pattern perform well with interpolation. We can see channel estimation MSE floor is relatively low at very small speed.  At this low MSE level, the performance degradation caused by loss of code orthogonality of OCC-4 patterns starts to show up even at 1.0km/h. Moreover, its channel estimation MSE floor rises very quickly as mobile speed reaches 3km/h, 10km/h and 30km/h.  On the other hand, OCC-2 pattern maintains good channel estimation up to 3km/h, and its degradation rises slowly when the mobile speed goes up.
For ETU channel results as shown in Figure 4, the overall performances for both OCC-2 and OCC-4 patterns are worse than those of EPA channel due to the fact that ETU channel is more frequency selective. However, for performance with different mobility, similar observations can be made as in EPA channel that OCC-4 pattern is much more sensitive to mobility than that of OCC-2 pattern.
In summary, from the simulation, it is observed that mobile speed > 3km/h can cause major degradation on OCC-4 pattern, while OCC-2 pattern is more robust to moderate and high mobile speed.  
It is arguable that high-order MIMO transmission could only be supported when the UE mobility is low, and therefore, OCC-4 pattern could still be useful. That could be true for SU-MIMO case. For MU-MIMO, as the total transmission layer could be up to 8, while number of layers per UE could be low, each UE may not be limited to very low speed. In such scenario, using OCC-4 pattern as orthogonal DM-RS for each layer could greatly degrade the performance.
3. RB bundling for rank 5-8
It is well understood that degraded channel estimation performance due to low RS density can be improved by RB bundling [2][4][5][8]. Simulation in [4] shows large gain for two RB bundling relative to one RB. 

There are several concerns with RB bundling. One is the scheduling constraint due to resource granularity increased from one RB to two RBs. One possible solution could be that RB bundling is only applied for high rank transmission, so the low rank transmission has the least amount of  impact.

As DM-RS in LTE-A is dedicated RS, RB bundling will impact the precoding granularity. This is because if channel estimation is conducted on multiple RB together, the precoding vector used across these RB should be the same. Signaling of such precoding granularity could be implicit or explicit.  

One further issue is that if RB bundling is adopted, whether to repeat the same RS pattern in single RB or use rotated/symmetric RS pattern in bundled RB. As shown in [4][5], rotated RS pattern, as shown in Figure 5 as Pattern B,  could offer better channel estimation performance than repeating single RB pattern, as shown in Figure 5 as Pattern A. Besides, it also leads to balanced RS power arrangement among OFDM symbols which carry DM-RS, while repeating single RB pattern could not achieve that.  For rotated pattern in RB bundling, the UE device complexity due to varying DM-RS pattern could be increased but that increase is believed to be marginal, and could be justified by the improved channel estimation performance, which is especially critical in supporting high-order MIMO transmission. 
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Figure 5 variations of 8 layer DM-RS for 2 RBs

4. Conclusions
In this paper, we further compared the options in DM-RS design in LTE-A for rank 5-8 with simulation results. The issues related to RB bundling are also discussed. From the simulation and discussion, we have the following observations
· Length-2 OCC should be considered for DM-RS rank 5-8 due to its robustness to mobile speed.
· RB bundling should be considered due to its improved channel estimation performance
· In RB bundling, rotated RS pattern should be considered due to its performance advantage and balanced RS power.
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