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1
Introduction
The precoding codebook size for LTE DL MIMO is

· 2Tx: 3 for rank-2 and 6 for rank-1
· 4Tx: 16 for rank-4, 16 for rank-3, 16 for rank-2, and 16 for rank-1
DL LTE supports several different modes, which are semi-statically configured: Zero-delay CDD precoding MIMO, small-delay CDD precoding MIMO, large-delay CDD precoding MIMO, Tx diversity, and beamforming.

It was shown that the “4bit base CQI + 2bit spatial delta CQI” is enough for the large delay CDD precoding in [2], and the RAN1 email discussion [3] concluded that the zero/small delay CDD precoding needs “4-bit base CQI + 3-bit spatial delta CQI”. 
As discussed in [3], it may be beneficial to minimize the number of uplink control payload formats. In this document, in order to move forward in the final stage of the LTE standardization, we consider a unified payload format design to fully accommodate different DL MIMO transmission modes for a given number of eNode B transmit antennas and UE receive antennas. The design minimizes the number of uplink control payload formats in the specification.
On the other hand, we clearly emphasize that the unified payload format should work well for every MIMO mode (i.e., zero, small, and large-delay CDD) for every promising receiver type (e.g., linear MMSE and MMSE-SIC). By keeping some fields as “reserved”, the large-delay CDD mode can realize the “tailored reduced CQI feedback” where UE and eNode B know only a part of the entire CQI codewords are being used for the large-delay CDD mode and thus the feedback channel decoding performance can be improved.   
2
SIMO
Table 1 shows a 4-bit payload for the CQI in SIMO for a reference. There is no RI nor PMI information.
The 4-bit payload fits in the current ZC spreading based PUCCH [1], leading to (20, 4) code.

If ACK/NACK is transmitted together with CQI in the PUCCH, we need 1 more bit, leading to (20, 5) code.
Table 1
RI/PMI/CQI Bitwidth for SIMO (4-bit payload)

	Bit Field
	Description
	Bit Width

	CQI
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}
	4


3
2x2 or 2x4 MIMO
Table 2A shows a joint encoding format of RI, PMI, and CQI for the 11-bit payload size in the 2x2 or 2x4 MIMO. 
The 11-bit payload is encoded to (20, 11) code for the ZC spreading based PUCCH transmission. 

If ACK/NACK is transmitted together with RI, PMI, and CQI in the PUCCH, we need 2 more bits in the payload, leading to a (20, 13) code.  
 Table 2A
RI/PMI/CQI Bitwidth for 2x2 or 2x4 MIMO (11-bit payload format)
	Bit Field
	Description
	Bit Width

	CQI for CW1
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}
	4

	Magnitude of Spatial Delta CQI
	Magnitude of CQI Index Offset Relative to CW1 {0,1,2,3};
Reserved for Rank1
	2

	Sign of Spatial Delta CQI /

Reserved 
	Sign of Index Offset {positive (0), negative (1}} for ZD/SD;
Reserved for LD or Rank1
	1

	PMI
	{PMI 0,PMI 1,PMI 2,PMI 3,PMI 4,PMI 5} for Rank-1;
{PMI 6, PMI 7, PMI 8} for Rank-2
	3

	RI
	{Rank1, Rank2}
	1


[NOTE] ZD = Zero delay CDD, SD = Small delay CDD, LD = Large delay CDD. Reserved bits are set to 0 unless further specified in the future release.

The same information shown in Table 2A can be represented by smaller number of bits if we take an efficient joint packing. Table 2B shows such an efficient packing format of RI, PMI, and CQI using the 9-bit payload size in the 2x2 or 2x4 MIMO. In Table 2B, we may reserve “Spatial Delta CQI + PMI + RI entires 27-29” even for zero/small-delay CDD if the index offset 4 is not so useful. 

The 9-bit payload is encoded to (20, 9) code for the ZC spreading based PUCCH transmission.

If ACK/NACK is transmitted together with RI, PMI, and CQI in the PUCCH, we need 2 more bits in the payload, leading to a (20, 11) code.
We propose the 9-bit format described in Table 2B for 2x2 and 2x4 MIMO.
Table 2B

RI/PMI/CQI Bitwidth for 2x2 or 2x4 MIMO (9-bit payload format)
	Bit Field
	Description
	Bit Width

	CQI for CW1
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}

	4

	Spatial Delta CQI  

+ 

PMI 

+ 

RI
	0
	Rank 1, PMI 0
	5

	
	1
	Rank 1, PMI 1
	

	
	2
	Rank 1, PMI 2
	

	
	3
	Rank 1, PMI 3
	

	
	4
	Rank 1, PMI 4
	

	
	5
	Rank 1, PMI 5
	

	
	6
	Rank 2, PMI 6, CQI Index Offset = 0
	

	
	7
	Rank 2, PMI 6, CQI Index Offset = +1
	

	
	8
	Rank 2, PMI 6, CQI Index Offset = +2
	

	
	9
	Rank 2, PMI 6, CQI Index Offset = +3
	

	
	10
	Rank 2, PMI 7, CQI Index Offset = 0
	

	
	11
	Rank 2, PMI 7, CQI Index Offset = +1
	

	
	12
	Rank 2, PMI 7, CQI Index Offset = +2
	

	
	13
	Rank 2, PMI 7, CQI Index Offset = +3
	

	
	14
	Rank 2, PMI 8, CQI Index Offset = 0
	

	
	15
	Rank 2, PMI 8, CQI Index Offset = +1
	

	
	16
	Rank 2, PMI 8, CQI Index Offset = +2
	

	
	17
	Rank 2, PMI 8, CQI Index Offset = +3
	

	
	18
	Rank 2, PMI 6, CQI Index Offset = -1 for ZD/SD; Reserved for LD
	

	
	19
	Rank 2, PMI 6, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	20
	Rank 2, PMI 6, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	
	21
	Rank 2, PMI 7, CQI Index Offset = -1 for ZD/SD; Reserved for LD
	

	
	22
	Rank 2, PMI 7, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	23
	Rank 2, PMI 7, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	
	24
	Rank 2, PMI 8, CQI Index Offset = -1 for ZD/SD; Reserved for LD
	

	
	25
	Rank 2, PMI 8, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	26
	Rank 2, PMI 8, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	
	27
	Rank 2, PMI 6, CQI Index Offset = +4 for ZD/SD; Reserved for LD
	

	
	28
	Rank 2, PMI 7, CQI Index Offset = +4 for ZD/SD; Reserved for LD
	

	
	29
	Rank 2, PMI 8, CQI Index Offset = +4 for ZD/SD; Reserved for LD
	

	
	30
	Reserved
	

	
	31
	Reserved
	


[NOTE] ZD = Zero delay CDD, SD = Small delay CDD, LD = Large delay CDD. Reserved codewords are not used in the corresponding modes unless further specified in the future release.
4
4x2 MIMO
Table 3A shows a joint encoding format of RI, PMI, and CQI for the 12-bit payload size in the 4x2 MIMO. 

The 11-bit payload is encoded to (20, 12) code for the ZC spreading based PUCCH transmission.

If ACK/NACK is transmitted together with RI, PMI, and CQI in the PUCCH, we need 2 more bits in the payload, leading to a (20, 14) code.  

 Table 3A
RI/PMI/CQI Bitwidth for 4x2 MIMO (12-bit payload format)

	Bit Field
	Description
	Bit Width

	CQI for CW1
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}
	4

	Magnitude of Spatial Delta CQI
	Magnitude of CQI Index Offset Relative to CW1 {0,1,2,3};
Reserved for Rank1
	2

	Sign of Spatial Delta CQI /

Reserved 
	Sign of Index Offset {positive (0), negative (1)} for ZD/SD;

Reserved for LD or Rank 1
	1

	PMI
	{PMI 0, … ,PMI 15} for Rank-1;
{PMI 16, … ,PMI 31} for Rank-2
	4

	RI
	{Rank1, Rank2}
	1


[NOTE] ZD = Zero delay CDD, SD = Small delay CDD, LD = Large delay CDD. Reserved bits are set to 0 unless further specified in the future release.

The same information shown in Table 3A can be represented by smaller number of bits if we take an efficient joint packing. Table 3B shows such an efficient packing format of RI, PMI, and CQI using the 11-bit payload size in the 4x2 MIMO. 

The 11-bit payload is encoded to (20, 11) code for the ZC spreading based PUCCH transmission.

If ACK/NACK is transmitted together with RI, PMI, and CQI in the PUCCH, we need 2 more bits in the payload, leading to a (20, 13) code.

We propose the 11-bit format described in Table 3B for 4x2 MIMO.

Table 3B

RI/PMI/CQI Bitwidth for 4x2 MIMO (11-bit payload format)
	Bit Field
	Description
	Bit Width

	CQI for CW1
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}

	4

	Spatial

Delta CQI   

+ 

RI
	0
	Rank 1
	3

	
	1
	Rank 2, CQI Index Offset = 0
	

	
	2
	Rank 2, CQI Index Offset = 1
	

	
	3
	Rank 2, CQI Index Offset = 2
	

	
	4
	Rank 2, CQI Index Offset = 3
	

	
	5
	Rank 2, CQI Index Offset = -1 for ZD/SD; Reserved for LD 
	

	
	6
	Rank 2, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	7
	Rank 2, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	PMI
	{PMI 0, … ,PMI 15} for Rank-1;

{PMI 16, … ,PMI 31} for Rank-2
	4


*ZD = Zero delay CDD, SD = Small delay CDD, LD = Large delay CDD. Reserved codewords are not used in the corresponding modes unless further specified in the future release.

5
4x4 MIMO
Table 4A shows a joint encoding format of RI, PMI, and CQI for the 13-bit payload size in the 4x4 MIMO. 

The 11-bit payload is encoded to (20, 13) code for the ZC spreading based PUCCH transmission.

If ACK/NACK is transmitted together with RI, PMI, and CQI in the PUCCH, we need 2 more bits in the payload, leading to a (20, 15) code.  

 Table 4A
RI/PMI/CQI Bitwidth for 4x4 MIMO (13-bit payload format)

	Bit Field
	Description
	Bit Width

	CQI for CW1
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}
	4

	Magnitude of Spatial Delta CQI
	Magnitude of CQI Index Offset Relative to CW1 {0,1,2,3};

Reserved for Rank1
	2

	Sign of Spatial Delta CQI /

Reserved 
	Sign of Index Offset {positive (0), negative (1)} for ZD/SD;

Reserved for LD or Rank 1
	1

	PMI
	{PMI 0, … ,PMI 15} for Rank-1;

{PMI 16, … ,PMI 31} for Rank-2;
{PMI 32, … ,PMI 47} for Rank-3;

{PMI 48, … ,PMI 63} for Rank-4
	4

	RI
	{Rank1, Rank2, Rank3, Rank4}
	2


[NOTE] ZD = Zero delay CDD, SD = Small delay CDD, LD = Large delay CDD. Reserved bits are set to 0 unless further specified in the future release.

The same information shown in Table 4A can be alternatively represented by Table 4B, but it is not likely to reduce the payload size as in the case of 2x2, 2x4, or 4x2. Thus, either Table 4A or Table 4B is fine for 4x4 MIMO. In Table 4B, we may reserve “Spatial Delta CQI + PMI + RI entries 22-24” even for zero/small-delay CDD if the index offset +4 is not so useful for such modes. 
We propose the 13-bit format described in Table 4B for 4x4 MIMO.

Table 4B

RI/PMI/CQI Bitwidth for 4x4 MIMO (13-bit payload format)
	Bit Field
	Description
	Bit Width

	CQI for CW1
	CQI Table Index {0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15}

	4

	Spatial Delta CQI   

+ 

RI
	0
	Rank 1
	5

	
	1
	Rank 2, CQI Index Offset = 0
	

	
	2
	Rank 2, CQI Index Offset = +1
	

	
	3
	Rank 2, CQI Index Offset = +2
	

	
	4
	Rank 2, CQI Index Offset = +3
	

	
	5
	Rank 3, CQI Index Offset = 0
	

	
	6
	Rank 3, CQI Index Offset = +1
	

	
	7
	Rank 3, CQI Index Offset = +2
	

	
	8
	Rank 3, CQI Index Offset = +3
	

	
	9
	Rank 4, CQI Index Offset = 0
	

	
	10
	Rank 4, CQI Index Offset = +1
	

	
	11
	Rank 4, CQI Index Offset = +2
	

	
	12
	Rank 4, CQI Index Offset = +3
	

	
	13
	Rank 2, CQI Index Offset = -1 for ZD/SD; Reserved for LD
	

	
	14
	Rank 2, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	15
	Rank 2, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	
	16
	Rank 3, CQI Index Offset = -1 for ZD/SD; Reserved for LD
	

	
	17
	Rank 3, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	18
	Rank 3, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	
	19
	Rank 4, CQI Index Offset = -1 for ZD/SD; Reserved for LD
	

	
	20
	Rank 4, CQI Index Offset = -2 for ZD/SD; Reserved for LD
	

	
	21
	Rank 4, CQI Index Offset = -3 for ZD/SD; Reserved for LD
	

	
	22
	Rank 2, CQI Index Offset = +4 for ZD/SD; Reserved for LD
	

	
	23
	Rank 3, CQI Index Offset = +4 for ZD/SD; Reserved for LD
	

	
	24
	Rank 4, CQI Index Offset = +4 for ZD/SD; Reserved for LD
	

	
	25
	Reserved
	

	
	26
	Reserved
	

	
	27
	Reserved
	

	
	28
	Reserved
	

	
	29
	Reserved
	

	
	30
	Reserved
	

	
	31
	Reserved
	

	PMI
	{PMI 0, … ,PMI 15} for Rank-1;

{PMI 16, … ,PMI 31} for Rank-2;

{PMI 32, … ,PMI 47} for Rank-3;

{PMI 48, … ,PMI 63} for Rank-4
	4


[NOTE] ZD = Zero delay CDD, SD = Small delay CDD, LD = Large delay CDD. Reserved codewords are not used in the corresponding modes unless further specified in the future release.

6
Conclusions

In this document, we designed the UL PUCCH formats including RI, PMI, and CQI in order to accommodate all MIMO transmission modes in a single format for each of 2x2 (or 2x4), 4x2, and 4x4 antenna configurations.  
If ACK/NACK is transmitted together, we need 1-2 more bits for the payload due to joint coding of CQI/PMI/RI and ACK/NAK. When a sub-band scheduling is enabled, the PUCCH is transmitted over multiple sub-frames to provide feedback information for multiple sub-bands. 

We propose to adopt the UL PUCCH payload format defined in Tables 2B, 3B, and 4B: The essential design principle is that we use a single format that accommodates zero, small, and large delay CDD precoding modes so that all the three modes work well regardless of receiver types. In the RAN1 email discussion [3], a brand-new proposal to restrict the receiver type of the large-delay CDD precoding to LMMSE was discussed, which is not acceptable in that it proposes that a certain MIMO mode cannot effectively support the enhanced receiver (MMSE-SIC) implementation. 
Though the zero, small, large delay CDD precoding modes share the same payload format, the large-delay CDD precoding mode can realize the “tailored reduced CQI feedback” as only a part of the designed CQI codewords are used, which effectively reduces the number of the valid codewords and eNode B can improve the CQI decoding performance.
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