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1 Introduction
Within the LTE Advanced (LTE-A) work items, Multi-User MIMO (MU-MIMO) has been identified as a key area that can significantly improve the system performance. And recent evaluation against ITU requirements has shown the MU-MIMO technique helps to achieve required spectral efficiency targets. 

Regarding MU-MIMO, the following conclusions have been agreed in RAN1 #59bis:

For the design of downlink signalling and DM RS, the following is assumed for MU-MIMO:

· Not more than 4 UEs are co-scheduled 

· Note that the actual maximum number of co-scheduled UEs does not need to be specified.

· Not more than 2 layers per UE with 2 orthogonal DM RS ports

· Not more than 4-layer transmission in total for MU-MIMO transmission 

Note: Two alternatives are to be studied:

· 4 orthogonal DM RS ports and 1 scrambling sequence are defined

· 2 orthogonal DM RS ports and 2 scrambling sequences are defined as in Rel-9

· FFS whether one or both alternatives will be specified (and if only one, which one?).

· Note that in any case Transmission Mode 8 will remain specified in Rel-10. 
This document focuses on the issue of transparency for MU-MIMO in LTE-A. More specifically, this document discusses control signalings and DM-RS aspects of the transparency issue for LTE-A MU-MIMO operation.
2 Non-transparent MU-MIMO

Regardless of whether RAN1 decides on transparent or non-transparent MU-MIMO, the DM-RS port information needs to be signaled to the UE. However, it may be beneficial to include some additional parameters in the signalling to the UE (i.e., for MU-MIMO to be non-transparent).  The following additional information has been proposed by several companies in recent RAN1 meetings:

· Power offset between DM-RS EPRE and PDSCH EPRE [1]
· The total number of transmitted rank at the eNB [3], [4]
· the DM-RS RE density (12 REs or 24 REs per RB) [2]
· DM-RS port associated with the dominant interfering signal [5] 

· Modulation order of co-scheduled UEs [3], [12]
In looking at each of these proposals, we believe that the most important parameter to include is the total transmitted rank:

· Assuming balanced power across all layers (i.e., PDSCH EPRE is the same for all layers), then the total transmitted rank unambiguously indicates a power offset between the DM RS EPRE and the PDSCH EPRE for each layer (or DM RS port) as shown in [10] 

· There are two alternatives for DM RS ports being considered: “2 orthogonal DM RS ports and 2 scrambling sequences as in Rel-9” and “4 orthogonal DM RS ports and 1 scrambling sequence”.  If the second alternative is selected, the total transmitted rank also indicates the DM-RS density (12 REs or 24 REs per RB).
· Knowledge of the total transmitted rank also informs the UE of all of the DM RS ports used by co-scheduled UEs, not just the dominant interferer.
· The signalling of modulation order of co-scheduled UEs may provide performance gains using a non-linear receiver type (such as partial MLD), but this may be too restrictive to the receiver implementation.  In addition, with up to 3 co-scheduled interfering UEs and 3 possible modulation orders (QPSK, 16QAM, 64QAM), the overhead to signal this information is about 4 bits, which may be too high to justify the benefit of performance gain. 
3 Analysis of Signalling Overhead for MU-MIMO
In this section, we analyze the signalling requirements of Transparent MU-MIMO first, and then look at the additional overhead required to send total transmission rank to the UE (i.e., Non-transparent MU-MIMO). We assume a DCI format similar to Rel-8 DCI format 2A will be used for Rel-10 dynamic switching SU/MU-MIMO and a bitfield in such a DCI format, denoted as transmission scheme indicator, is used to signal the transmission scheme and other necessary information (such as DM-RS ports) to the UE.   
Transparent MU-MIMO
For N (N = 4 or 8) Tx antenna ports, the number of bits to signal the transmission scheme for dynamic SU/MU-MIMO switching operation with transparent MU-MIMO is analyzed in this section. As shown in Tables 2 and 3, the number of states when two codewords are enabled is N; and the number of states when only one codeword is enabled is N/2+4. 
· When N = 8, there are an equal number of states for the cases of one enabled codeword and two enabled codewords. Therefore, 3 bits can be used for the transmission scheme indicator field.  

· When N = 4, the one codeword case has more states than the two codeword case.  If a DCI format similar to Rel-8 DCI format 2A is used for Rel-10 dynamic SU/MU-MIMO switching, the unused NDI bit of the disabled codeword can be used to increase (i.e., double) the number of states that can be signalled for the case when only one codeword is enabled. Therefore, 2 bits can be used for the transmission scheme indicator field.  

Table 3: Number of States when two codewords are enabled
	Transmission scheme
	Number of states

	Rank 3~N SU-MIMO transmission
	N-2 states

	Rank 2 SU-/MU-MIMO transmission on ports {1, 2} or {3,4}*
	2 states


 

  *Note: in order to limit the total number of states to N, we assume a restriction that ports {2,3} will not be used for Rank 2 MU-MIMO.  
Table 4: Number of States when only one codeword is enabled
	Transmission scheme
	Number of states

	Tx Diversity
	1 state

	Rank >1 SU-MIMO transmission
	N/2 -1 states (1 if N = 4, 3 if N = 8)

	Rank 1 MU-MIMO transmission on port 1, 2, 3 or 4
	4 states


Mappings of the transmission scheme indicator field to these states identified in Tables 2 and 3 are provided in tables 4 and 5 below, for 4 and 8 antennas ports respectively.  These mappings are intended as an example - details should be further discussed during the work item phase.  
Table 5: Content of transmission scheme indicator field for 4 antenna ports

	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	NDI of the disabled codeword
	Message
	Bit field mapped to index
	Message

	0
	N/A
	Transmit diversity
	0
	2 layers SU-MIMO/MU-MIMO: precoder based on DM-RS ports 1 and 2

	1
	0
	1 layer SU-MIMO/MU-MIMO: precoder based on DM-RS port 1
	1
	3 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS ports 2
	
	

	2
	0
	1 layer MU-MIMO: precoder based on DM-RS port 3
	2
	4 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 4
	
	

	3
	N/A
	2 layers SU-MIMO: precoder based on DM-RS
	3
	2 layers MU-MIMO: precoder based on DM-RS ports 3 and 4


Table 6: Content of transmission scheme indicator field for 8 antenna ports
	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	Message
	Bit field mapped to index
	Message

	0
	Transmit diversity
	0
	2 layers SU-MIMO/MU-MIMO: precoder based on DM-RS ports 1 and 2

	1
	1 layer SU-MIMO/MU-MIMO: precoder based on DM-RS port 1
	1
	3 layers SU-MIMO: precoder based on DM-RS

	2


	1 layer MU-MIMO: precoder based on DM-RS ports 2
	2
	4 layers SU-MIMO: precoder based on DM-RS

	3


	1 layer MU-MIMO: precoder based on DM-RS port 3
	3
	5 layers SU-MIMO: precoder based on DM-RS

	4


	1 layer MU-MIMO: precoder based on DM-RS port 4
	4
	6 layers SU-MIMO: precoder based on DM-RS

	5


	2 layers SU-MIMO: precoder based on DM-RS
	5
	7 layers SU-MIMO: precoder based on DM-RS

	6


	3 layers SU-MIMO: precoder based on DM-RS
	6
	8 layers SU-MIMO: precoder based on DM-RS

	7
	4 layers SU-MIMO: precoder based on DM-RS
	7
	2 layers MU-MIMO: precoder based on DM-RS ports 3 and 4


Non-transparent MU-MIMO with Total Transmission Rank
The overhead for non-transparent MU-MIMO with total transmitted rank at eNB signaled to the UE is analyzed in this section. As shown in Tables 6 and 7, the number of states when two codewords are enabled in N+4; and the number of states only one codeword is enabled is N/2+10. 

· The one codeword case has more states than the two codeword case. If a DCI format similar to Rel-8 DCI format 2A is used for Rel-10 dynamic SU/MU-MIMO switching, the unused NDI bit of the disabled codeword can be used to increase the number of states that can be signalled for the case only one codeword is enabled. 
Table 7: Number of States when two codewords are enabled
	Transmission scheme
	Number of states

	Rank 2~N SU-MIMO transmission
	N-1 states

	Rank 2 MU-MIMO transmission on ports {1, 2} with total transmitted ranks at eNB = 3 or 4
	2 states

	Rank 2 MU-MIMO transmission on ports {3, 4} 
	1 state

	Rank 2 MU-MIMO transmission on ports {2, 3} with total transmitted ranks at eNB = 3 or 4
	2 states


Table 8: Number of States when only one codeword is enabled
	Transmission scheme
	Number of states

	Tx Diversity
	1 state

	Rank 1~N/2 SU-MIMO
	N/2 states (2 if N = 4, 4 if N = 8)

	Rank 1 transmission on port 1 with total transmitted ranks at eNB = 2, 3 or 4 
	3 states

	Rank 1 transmission on port 2 with total transmitted ranks at eNB = 2, 3 or 4
	3 states

	Rank 1 transmission on port 3 with total transmitted ranks at eNB = 3 or 4
	2 states

	Rank 1 transmission on port 4 with total transmitted ranks at eNB = 3 or 4
	1 state 


Mappings of the transmission scheme indicator field to the states identified in Tables 6 and 7 are provided in tables 8 and 9 below, for 4 and 8 antenna ports respectively. These mappings are intended as an example and details should be further discussed during work item phase.  

Table 8: Content of transmission scheme indicator field for 4 antenna ports

	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	NDI of the disabled codeword
	Message
	Bit field mapped to index
	Message

	0
	N/A
	4 layers: Transmit diversity
	0
	2 layers SU-MIMO: precoder based on DM-RS

	1
	0
	1 layer MU-MIMO: precoder based on DM-RS port 1, total rank = 2
	1
	3 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 1, total rank = 3
	
	

	2
	0
	1 layer MU-MIMO: precoder based on DM-RS port 1, total rank = 4
	2
	4 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 2, total rank = 2
	
	

	3
	0
	1 layer MU-MIMO: precoder based on DM-RS port 2, total rank = 3
	3
	2 layers MU-MIMO: precoder based on DM-RS ports 1 and 2, total rank =3

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 2, total rank = 4
	
	

	4
	0
	1 layer MU-MIMO: precoder based on DM-RS port 3, total rank = 3
	4
	2 layers MU-MIMO: precoder based on DM-RS ports 1 and 2, total rank =4

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 3, total rank = 4
	
	

	5
	0
	1 layer MU-MIMO: precoder based on DM-RS port 4, total rank = 4
	5
	2 layers MU-MIMO: precoder based on DM-RS ports 2 and 3, total rank =3

	
	1
	Reserved 
	
	

	6
	N/A
	1 layer SU-MIMO: precoder based on DM-RS
	6
	2 layers MU-MIMO: precoder based on DM-RS ports 2 and 3, total rank =4

	7
	N/A
	2 layers SU-MIMO: precoder based on DM-RS
	7
	2 layers MU-MIMO: precoder based on DM-RS ports 3 and 4


Table 9: Content of transmission scheme indicator field for 8 antenna ports

	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	Message
	Bit field mapped to index
	Message

	0
	8 (or 4) layers: Transmit diversity
	0
	2 layers SU-MIMO: precoder based on DM-RS

	1
	1 layer MU-MIMO: precoder based on DM-RS port 1, total rank = 2
	1
	3 layers SU-MIMO: precoder based on DM-RS

	2


	1 layer MU-MIMO: precoder based on DM-RS port 1, total rank = 3
	2
	4 layers SU-MIMO: precoder based on DM-RS

	3


	1 layer MU-MIMO: precoder based on DM-RS port 1, total rank = 4
	3
	5 layers SU-MIMO: precoder based on DM-RS

	4


	1 layer MU-MIMO: precoder based on DM-RS port 2, total rank = 2
	4
	6 layers SU-MIMO: precoder based on DM-RS

	5


	1 layer MU-MIMO: precoder based on DM-RS port 2, total rank = 3
	5
	7 layers SU-MIMO: precoder based on DM-RS

	6


	1 layer MU-MIMO: precoder based on DM-RS port 2, total rank = 4
	6
	8 layers SU-MIMO: precoder based on DM-RS

	7
	1 layer MU-MIMO: precoder based on DM-RS port 3, total rank = 3
	7
	2 layers MU-MIMO: precoder based on DM-RS ports 1 and 2, total rank =3

	8
	1 layer MU-MIMO: precoder based on DM-RS port 3, total rank = 4
	8
	2 layers MU-MIMO: precoder based on DM-RS ports 1 and 2, total rank =4

	9
	1 layer MU-MIMO: precoder based on DM-RS port 4, total rank = 4
	9
	2 layers MU-MIMO: precoder based on DM-RS ports 2 and 3, total rank =3

	10
	1 layer SU-MIMO: precoder based on DM-RS
	10
	2 layers MU-MIMO: precoder based on DM-RS ports 2 and 3, total rank =4

	11
	2 layers SU-MIMO: precoder based on DM-RS
	11
	2 layers MU-MIMO: precoder based on DM-RS ports 3 and 4

	12
	3 layers SU-MIMO: precoder based on DM-RS
	12
	Reserved

	13
	4 layers SU-MIMO: precoder based on DM-RS
	13
	Reserved

	14
	Reserved
	14
	Reserved

	15
	Reserved
	15
	Reserved


We observe that non-transparent MU-MIMO with total transmitted rank requires only one extra bit in the DCI Format compared to transparent MU-MIMO.  Given this small increase and the benefits of UE knowledge of the total transmitted rank, we propose the following:
Proposal 1:  Non-transparent MU-MIMO should be adopted for Rel-10, with the information of the Total Transmitted Rank for MU-MIMO included in the DCI Format.
4 Further Considerations on DM-RS ports for MU-MIMO

As noted in Section 2, two alternatives for DM-RS ports to support MU-MIMO are being considered:  “2 orthogonal DM RS ports and 2 scrambling sequences as in Rel-9” and “4 orthogonal DM RS ports and 1 scrambling sequence”.  If the first alternative is selected, the density of the DM-RS is constant (i.e. 24 REs per RB) and no further signalling to the UE need be considered.  However, if the second alternative is selected, the DM-RS density varies between 12REs or 24 REs per RB, depending on whether the rank is 1-2 or 3-4.  In this case, as we noted, the total transmitted rank also indicates the DM-RS density.  However, if it is decided that the overhead (i.e. a single bit) of including the total transmission rank is not justified, it is still useful for the UE to know the DM-RS density. We show in this section that this information can be conveyed to the UE without any additional overhead compared to transparent MU-MIMO.
As shown in Tables 10 and 11, the number of states when two codewords are enabled is N; and the number of states when only one codeword is enabled is N/2+6. 

· The one codeword case has more states than the two codeword case. If a DCI format similar to Rel-8 DCI format 2A is used for Rel-10 dynamic SU/MU-MIMO switching, the unused NDI bit of the disabled codeword can be used to increase the number of states that can be signalled for the case only one codeword is enabled. 

Table 10: Number of States when two codewords are enabled
	Transmission scheme
	Number of states

	Rank 3~N SU-MIMO transmission
	N-2 states

	Rank 2 SU-/MU-MIMO transmission on ports {1, 2} or {3,4}*
	2 states


 

  *Note: in order to limit the total number of states to N, we assume a restriction that ports {2,3} are not used for Rank 2 MU-MIMO.   
Table 11: Number of States when only one codeword is enabled
	Transmission scheme
	Number of states

	Tx Diversity
	1 state

	Rank >1 SU-MIMO transmission
	N/2 -1 states (1 if N = 4, 3 if N = 8)

	Rank 1 transmission on port 1 or 2 with DM-RS REs density of 12 or 24 REs per RB
	4 states

	Rank 1 transmission on port 3 or 4
	2 states 


Mappings of the transmission scheme indicator field to the states identified in Tables 10 and 11 are provided in tables 12 and 13 below, for 4 and 8 antenna ports respectively as an example. These mappings are intended as an example, and details should be further discussed during work item phase.  

Table 12: Content of transmission scheme indicator field for 4 antenna ports

	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	NDI of the disabled codeword
	Message
	Bit field mapped to index
	Message

	0
	0
	Transmit diversity
	0
	2 layers SU-MIMO/MU-MIMO: precoder based on DM-RS ports 1 and 2

	
	1
	2 layers SU-MIMO: precoder based on DM-RS
	
	

	1
	0
	1 layer SU-MIMO/MU-MIMO: precoder based on DM-RS port 1 with DM-RS density of 12 REs per RB
	1
	3 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 1 with DM-RS density of 24 REs per RB 
	
	

	2
	0
	1 layer MU-MIMO: precoder based on DM-RS port 2 with DM-RS density of 12 REs per RB
	2
	4 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 2 with DM-RS density of 24 REs per RB
	
	

	3
	0
	1 layer MU-MIMO: precoder based on DM-RS port 3
	3
	2 layers MU-MIMO: precoder based on DM-RS ports 3 and 4

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 4
	
	


Table 13: Content of transmission scheme indicator field for 8 antenna ports

	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	NDI of the disabled codeword
	Message
	Bit field mapped to index
	Message

	0
	N/A
	Transmit diversity
	0
	2 layers SU-MIMO/MU-MIMO: precoder based on DM-RS ports 1 and 2

	1
	0
	1 layer SU-MIMO/MU-MIMO: precoder based on DM-RS port 1 with DM-RS density of 12 REs per RB
	1
	3 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 1 with DM-RS density of 24 REs per RB
	
	

	2
	0
	1 layer MU-MIMO: precoder based on DM-RS port 2 with DM-RS density of 12 REs per RB
	2
	4 layers SU-MIMO: precoder based on DM-RS

	
	1
	1 layer MU-MIMO: precoder based on DM-RS port 2 with DM-RS density of 24 REs per RB
	
	

	3
	N/A
	1 layer MU-MIMO: precoder based on DM-RS port 3
	3
	5 layers SU-MIMO: precoder based on DM-RS

	4
	N/A
	1 layer MU-MIMO: precoder based on DM-RS port 4
	4
	6 layers SU-MIMO: precoder based on DM-RS

	5
	N/A
	2 layers SU-MIMO: precoder based on DM-RS
	5
	7 layers SU-MIMO: precoder based on DM-RS

	6
	N/A
	3 layers SU-MIMO: precoder based on DM-RS
	6
	8 layers SU-MIMO: precoder based on DM-RS

	7
	N/A
	4 layers SU-MIMO: precoder based on DM-RS
	7
	2 layers MU-MIMO: precoder based on DM-RS ports 3 and 4


We observe that non-transparent MU-MIMO with indication of DM-RS density does not require any additional control signal overhead compared to transparent MU-MIMO.  Given this and the benefits of UE knowledge of DM-RS density, we recommend:   

Proposal 2: If the DM-RS density is variable, and the overhead of total transmitted rank is not agreed to be justified, we propose that the DM-RS density be included in the DCI Format used for SU-/MU-MIMO in Release 10.  
5 Summary
Based on our analysis of the transparency issue of MU-MIMO operation, we have made the following recommendations: 
Proposal 1: Non-transparent MU-MIMO should be adopted for Rel-10, with the information of the Total Transmitted Rank for MU-MIMO included in the DCI Format. 
Proposal 2: If the DM-RS density is variable, and the overhead of total transmitted rank is not agreed to be justified, we propose that the DM RS density be included in the DCI Format used for SU-/MU-MIMO in Release 10.  
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