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1. Introduction
As a result of the decisions in RAN1#52 on a number of aspects of CQI reporting as well as coding of control information on PUSCH [1-4], further refinement can be made to complete the specification. Several aspects of coding of the control information on PUSCH are discussed in this contribution:
· The need for CRC
· Multiplexing of CQI, PMI (precoding matrix indicator), and RI (rank indicator)

· MCS of control information for periodic and aperiodic reporting

2. CRC for Control Information on PUSCH
To understand the need for CRC, we first look at the resulting payload sizes for each of the CQI/PMI/RI reporting modes on PUSCH are given in Table 1. The payload size includes CQI. PMI is also included for closed-loop SM. The following assumptions are made:

1. The number of sub-bands is computed as follows:
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2. The overhead for different number of codewords is identified. 

3. “2-TX” and “4-TX” refer to closed-loop spatial multiplexing. The overhead for “1-TX” applies to SIMO, Tx diversity, and open-loop spatial multiplexing.

4. The overhead for RI is not included in Table 1 as it depends on the multiplexing scheme (discussed in Section 3). In addition, the length of RI depends not only on the number of TX antennas, but also the number of supportable layers. Essentially, a 1-bit RI is needed for 2-TX and 4-TX with a maximum of 2 supportable layers. A 2-bit RI is needed for 4-TX with a maximum of 4 supportable layers.
Table 1. Total CQI (+PMI when applicable) payload (uncoded bits) for PUSCH-based reporting
	Mode
	No. CW
	5MHz (25 RBs)
	10MHz (50 RBs)
	20MHz (100 RBs)

	
	
	1-TX
	2-TX
	4-TX
	1-TX
	2-TX
	4-TX
	1-TX
	2-TX
	4-TX

	1-2
	1
	n/a
	25
	32
	n/a
	31
	40
	n/a
	43
	56

	
	2
	n/a
	22
	36
	n/a
	26
	44
	n/a
	34
	60

	2-0
	1
	15
	n/a
	n/a
	19
	n/a
	n/a
	24
	n/a
	n/a

	
	2
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a

	2-1
	1
	n/a
	18
	19
	n/a
	22
	23
	n/a
	27
	28

	
	2
	n/a
	23
	25
	n/a
	27
	29
	n/a
	32
	34

	2-2
	1
	n/a
	21
	23
	n/a
	25
	27
	n/a
	30
	32

	
	2
	n/a
	25
	29
	n/a
	29
	33
	n/a
	34
	38

	3-0
	1
	18
	n/a
	n/a
	22
	n/a
	n/a
	30
	n/a
	n/a

	
	2
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a

	3-1
	1
	n/a
	21
	22
	n/a
	25
	26
	n/a
	33
	34

	
	2
	n/a
	38
	40
	n/a
	46
	48
	n/a
	62
	64

	3-2
	1
	n/a
	39
	46
	n/a
	49
	58
	n/a
	69
	82

	
	2
	n/a
	50
	64
	n/a
	62
	80
	n/a
	86
	112


Observe that the payload ranges from 15 to 112 bits without RI. For the large payload sizes, the need for CRC is easily justified. While the low-tier payload sizes seem rather small for CRC (<20 bits), the use of CRC is beneficial to enable error detection at the eNB. Hence, we propose to use CRC encoding for all the payload sizes of PUSCH-based reporting. This also simplifies the description in the specification. We further propose to use the same 16-bit CRC in TS36.212. 
In addition, PUCCH-based periodic reporting is also transmitted on PUSCH when there is an UL data transmission (grant) in the same sub-frame. In this case, the payload ranges from 1 to 11 bits (CQI/PMI or RI), the CRC is not used.  

3. Multiplexing of CQI, PMI, and RI on PUSCH
For closed-loop SM, the CQI, PMI, and RI reporting are needed. The following was decided in RAN1#52:

· The control information is mapped in a time-first manner similar to data. ACK/NAK is mapped next to the DMRS using repetition code to ensure good performance [1]. 
· For PUSCH-based reporting, CQI, PMI, and RI are always reported together [1, 2]. 
However, the multiplexing of CQI, PMI, and RI for the PUSCH-based reporting has not been finalized. Note that this does not concern the piggybacked PUCCH-based periodic report on PUSCH. In this case, the same coding and multiplexing is still used except that the resulting modulated symbols are mapped onto PUSCH whenever the report coincides with data transmission.
Following the definition for PUCCH-based reporting, CQI and PMI should be jointly encoded and hence treated as one entity. Regarding the multiplexing/mapping with RI, there are two possibilities:

1. Scheme 1: RI is mapped similar to ACK/NAK at predetermined locations next to the DMRS. This is motivated by the fact that the error requirement and the number of bits for RI are comparable to that for ACK/NAK. Hence, RI is separately encoded from CQI+PMI.
2. Scheme 2: RI is jointly encoded with CQI+PMI. 
In terms of performance, Scheme 1 ensures that RI is encoded with the same protection as ACK/NAK assuming that the same repetition factor is used. Hence, the coverage of RI can be guaranteed to be the same as ACK/NAK. The same can be said in terms of the performance at high UE speed. On the other hand, Scheme 2 relies on CRC to ensure good protection for RI. That is, if the CRC check passes, the accuracy of RI is high. This, however, seems to limit the performance of RI with the coverage of CQI+PMI report. If CQI+PMI report cannot be decoded (CRC check fails), the associated RI report will also be lost. Overall, recovering RI may still be beneficial despite the loss of CQI+PMI since RI still represents a partial (coarse) channel quality report. This is straightforward to achieve with Scheme 1 while it is not clear how this can be done with Scheme 2.
 Another consideration is the decoding complexity. With Scheme 1, RI can be decoded prior to decoding CQI+PMI. This avoids the need for blind decoding as the payload size for CQI+PMI report varies with RI (see Table 1). Scheme 2, however, imposes the need for blind decoding at the eNB. While the performance of blind decoding may be reliable due to CRC, the decoding complexity increases by approximately 2x per UE.
Considering the performance and decoding complexity factors, we recommend Scheme 1 for PUSCH-based reporting (RI is mapped similar to ACK/NAK and hence separately encoded from CQI+PMI).
4. MCS for Control Information
It was decided that an aperiodic CQI reporting is triggered via a 1-bit trigger field in the UL grant (Format 0 DCI) as a part of the grant for data transmission on PUSCH. However, it was decided in RAN1#51bis that an aperiodic CQI report can be triggered by the eNB without any UL data grant [4]. That is, the aperiodic CQI report can be transmitted on PUSCH without any companion data transmission. This raises several issues:

· DCI format for CQI-only triggering: 

· One solution is to use the existing Format 0 for CQI triggering. However, there are several fields in Format 0 that are not needed for CQI-only “grant” such as the HARQ-related fields. Hence, a shorter DCI format can be justified as long as it does not increase the number of UE blind decodes. This is acceptable if a special shorter format is defined for D-BCH grant/RACH response/paging and the grant for CQI-only trigger fits in this shorter format. 

· If no additional format is defined for D-BCH grant/RACH response/paging, Format 0 shall be used.

· MCS: 

· If Format 0 is used, the MCS for CQI reporting can be inferred from the MCS field which is intended for UL data transmission (assuming that the error requirement for CQI is stricter than data [5]). The same relation can be used for CQI-only trigger. 

· If a special format is used, the actual MCS can be explicitly signaled. 

· How to differentiate CQI + data vs. CQI-only if Format 0 DCI is used: At a first glance, it seems that an additional indicator bit is needed to differentiate the two cases. 

· However, both the UE and eNB are aware and in agreement of the UL buffer status of the UE (e.g. via higher layer signaling). Hence, the eNB does not have to explicitly notify the UE whether the grant is intended for CQI-only or CQI + data when the CQI trigger field is ON. 

Since periodic reporting on PUSCH is not triggered, this is regulated by the two UE-specific system parameters: periodicity and sub-frame offset (see [6]). Due to its periodic nature, the report may or may not coincide with scheduled UL data for a given UE: 
· When a periodic report coincides with data, the MCS used for CQI reporting can be inferred from the MCS indicated by the UL grant (intended for data transmission). 
· However, when a periodic report does not coincide with data, the MCS used for CQI reporting in uncertain. Two solutions are possible:
· Solution 1 (error-rate conservative): Specify a default MCS which is low enough to ensure a good reporting coverage, e.g. QPSK rate 1/3.  
· Solution 2 (resource conservative): Use the MCS derived from the latest UL grant. 

While solution 2 is more spectral-efficient compared to solution 2, the MCS derived from the latest UL grant may be stale when the UE sparingly receives an UL grant from the eNB. Furthermore, the dependency on the UL grant may introduce additional error cases that need to be handled by the eNB. Hence, solution 1 seems to be more robust despite it results in large overhead especially for Mode 3-2. 
Assuming the use of QPSK rate 1/3, the resulting overhead of each reporting mode is given in Table 2 in terms of the required number of QPSK-modulated symbols. The use of 16-bit CRC is included in the calculation.
Table 2. CQI (+PMI when applicable) overhead for PUSCH-based reporting assuming QPSK rate 1/3 (no. symbols)
	Mode
	No. CW
	5MHz (25 RBs)
	10MHz (50 RBs)
	20MHz (100 RBs)

	
	
	1-TX
	2-TX
	4-TX
	1-TX
	2-TX
	4-TX
	1-TX
	2-TX
	4-TX

	1-2
	1
	n/a
	62
	72
	n/a
	71
	84
	n/a
	89
	108

	
	2
	n/a
	57
	78
	n/a
	63
	90
	n/a
	75
	114

	2-0
	1
	47
	n/a
	n/a
	53
	n/a
	n/a
	60
	n/a
	n/a

	
	2
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a

	2-1
	1
	n/a
	51
	53
	57
	59
	59
	n/a
	65
	66

	
	2
	n/a
	59
	62
	n/a
	65
	68
	n/a
	72
	75

	2-2
	1
	n/a
	56
	59
	n/a
	62
	65
	n/a
	69
	72

	
	2
	n/a
	62
	68
	n/a
	68
	74
	n/a
	75
	81

	3-0
	1
	51
	n/a
	n/a
	57
	n/a
	n/a
	69
	n/a
	n/a

	
	2
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a

	3-1
	1
	n/a
	56
	57
	n/a
	62
	63
	n/a
	74
	75

	
	2
	n/a
	81
	84
	n/a
	93
	96
	n/a
	117
	120

	3-2
	1
	n/a
	83
	93
	n/a
	98
	111
	n/a
	128
	147

	
	2
	n/a
	99
	120
	n/a
	117
	144
	n/a
	153
	192


Notice that for most reporting modes, the CQI+PMI report can be contained within 1 to 2 RBs (=72 modulation symbols) for 20MHz bandwidth. 
5. Conclusion
This contribution addressed some of the open issues in the coding of control information on PUSCH. In summary:
· The use of 16-bit CRC is proposed for the aperiodic/periodic PUSCH-based CQI(+PMI) reporting. This does not apply to the piggybacked periodic PUCCH-based reporting on PUSCH when a periodic PUCCH-based report coincides with data.
· CQI and PMI should be jointly encoded in PUSCH-based reporting. On the other hand, RI should be mapped in a similar manner to that for ACK/NAK and hence separately encoded from CQI+PMI. 
· When a periodic report on PUSCH does not coincide with data, a default MCS shall be used, such as QPSK rate 1/3, to ensure sufficient coverage. In this case, the report occupies 1 to 2 RBs for most reporting modes.
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