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1 Introduction

In RAN1#90 and in RAN1 adhoc#3, UCI multiplexing in the PUSCH was discussed and the following were concluded on the RE mapping and on whether data is punctured by UCI or rate matched to UCI. 

Agreements:
· For frequency first mapping, UCI resource mapping principles (e.g., around RS) are common for PUSCH with DFT-s-OFDM waveform and CP-OFDM waveform
· At least for periodic CSI report configured by RRC and aperiodic CSI report triggered by UL grant, the UL data is rate-matched around the UCI
Agreements:
· For slot-based scheduling, for HARQ-ACK with more than 2 bits, PUSCH is rate-matched.
· For slot-based scheduling, for HARQ-ACK with up to 2 bits, PUSCH is punctured.
· Note: NR ensures sufficiently reliable common understanding on HARQ-ACK bits between gNB and UE. 
Agreements:
· For UCI on PUSCH, support both dynamic and semi-static [image: image2.wmf]offset
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 indication

· FFS the applicable case(s) for dynamic vs. semi-static indications

This contribution considers remaining aspects for UCI and data multiplexing in a PUSCH.

2 Resource Mapping and Determination
2.1 HARQ-ACK
HARQ-ACK multiplexing in a PUSCH can be by puncturing data when the HARQ-ACK payload is 1-2 bits and by rate matching with data when the HARQ-ACK payload is above 2 bits. It is possible that HARQ-ACK information generated after a UE detects an UL grant needs to be transmitted in the PUSCH corresponding to the UL grant, particularly due to the absence of support for simultaneous PUSCH and PUCCH transmissions (or due practical limitations for supporting simultaneous PUSCH and PUCCH transmissions). It first needs to be decided whether this functionality should be supported in the first release. If it does not, there is no additional issue. If it does, the HARQ-ACK information generated after the UE detects the UL grant that needs to be transmitted in the PUSCH corresponding to the UL grant should puncture data and be separately encoded for HARQ-ACK information corresponding to DL assignments that are not detected after the UL grant. Considering the agreement that puncturing is limited to 2 HARQ-ACK bits, HARQ-ACK spatial/time bundling should apply if there are more than 2 HARQ-ACK bits corresponding to DL assignments received after the UL grant. This is not expected to be a material limitation in practice as DL assignments received after the UL grant and requiring HARQ-ACK feedback in the corresponding PUSCH are expected to be few and the gNB can control the HARQ-ACK timing.

Proposal 1: If supported, a UE is not expected to multiplex more than 2 HARQ-ACK bits in a PUSCH in response to DL assignments received after a corresponding UL grant. 
LTE supports multiple semi-static 
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 configurations (for one or two data codewords) corresponding to different ranges of HARQ-ACK payloads. This can enable capturing the different coding gains for different ranges of HARQ-ACK payloads and avoid over-dimensioning of required HARQ-ACK coded modulation symbols. The same functionality should apply in NR and should also be extended to CSI.

Proposal 2: A UE is configured by higher layers multiple 
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 values (separately for one data codeword and for two data codewords) for corresponding multiple ranges of HARQ-ACK and CSI payloads. 

NR supports configuration of 
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 both by higher layers and by UL DCI. For configuration/indication by UL DCI, 2 bits for a corresponding field suffice as they can capture a sufficiently large range/variability of data BLERs including between initial transmission and retransmission of the same data TB (UCI resources are dimensioned according to data BLER in order to keep a target UCI BLER) and variability in UCI coding gains according to the UCI payload. The 2 bits can provide an index to a set of four configured 
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 values from a specified table (e.g. the LTE table) of 
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 values. As the reasons for the variations in the number of coded modulation symbols are same for HARQ-ACK and CSI, separate field in the UL DCI are not needed to indicate a 
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 value for HARQ-ACK and a 
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 value for CSI. For configuration of 
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 both by higher layers, different values can also be configured for initial data TB transmission and for data TB retransmission as a scheduler typically targets a larger data BLER for a data TB retransmission than for the initial transmission. Same reasoning applies for different data services requiring different BLERs.  
Proposal 3: For indication of 
[image: image11.wmf]PUSCH

offset

b

 values by UL DCI, a UE is configured four 
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 values (separately for one data codeword and for two data codewords) and a 2-bit field in an UL DCI indicates one of the four 
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 values. 

Proposal 4: A single 2-bit field in an UL DCI indicates a
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 value for HARQ-ACK and a 
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 value for CSI. 

Proposal 5: For configuration of 
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 values by higher layers, the configuration is separate for initial transmission of a data TB and for a retransmission of the data TB. 

2.2 RI/CRI/CSI 
In NR, RI/CRI will be jointly encoded with rank 1 CQI for multi-part CSI reporting [1, 2]. This provides CRC protection to the RI but does not avoid the problem of the gNB not knowing the REs required for the second CSI part when the gNB fails to correctly detect the first CSI part (due to the CRC, the gNB can identify such event) or, in general, the gNB not knowing the payload of the second CSI part prior to decoding the first CSI part (and hence not being able to decode data prior to decoding CSI). To avoid this problem, and also avoid potential soft buffer corruption for the data, the PUSCH REs used for the second CSI part multiplexing should be determined using a reference payload, e.g. the payload of the first CSI part (and therefore be deterministic in order for data decoding to be in parallel with CSI decoding). It is up to the gNB implementation to set the 
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 for the second CSI part to be such that a target reception reliability can be achieved (although this may not always be the case – e.g. when a gNB assumes a different rank than the reported one).      
Proposal 6: Coded modulation symbols for the second CSI part are determined assuming a reference payload. 

In LTE, CSI modulation is same as data modulation when data is multiplexed in the PUSCH but is restricted to QPSK for UCI-only PUSCH. This design contradiction was motivated by the fact that UCI-only CSI transmission was indicated by code-points in an UL DCI format (e.g. combination of MCS=29 and number of PRBs <= 4 in LTE Rel-8) and there were trade-offs with using additional code-points to indicate a modulation scheme. Although this may be OK for single-cell A-CSI transmission, it becomes problematic for multi-cell CSI transmission particularly as CSI payloads have significantly increased since Rel-8 and may further increase in NR. It is preferable that NR supports a clean design that does not rely on manipulation of code-points in UL DCI formats and can enable the gNB to directly select the CSI modulation scheme. Some modulation schemes, such as 256QAM, may be inappropriate for CSI but whether there is any benefit for the modulation scheme to be restricted by specification is unclear. 

When HARQ-ACK is multiplexed with CSI, the number of HARQ-ACK coded modulation symbols in LTE is [3]
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where 
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 is the number of CQI bits including CRC bits assuming rank equals to 1 for all serving cells for which an aperiodic CSI report is triggered. The above formula results to a significant over-dimensioning by almost an order of magnitude for HARQ-ACK coded modulation symbols when a CSI payload is reported for rank larger than 1 and also includes PMI. Again, due to the limited HARQ-ACK payloads in Rel-8, this was not a major concern for the resulting HARQ-ACK overhead. However, this again is a problem for CA operation with large (e.g. ~10x over Rel-8) HARQ-ACK codebook sizes that are also expected in NR particularly when CBG-based HARQ-ACK feedback is supported. In NR, similar to UL DCI format directly providing the CSI modulation scheme for transmission in a PUSCH without data, the CSI MCS should also be determined by the UL DCI. Essentially, there should be no functional difference between UL DCI triggering data transmission and UL DCI triggering CSI transmission without data in a PUSCH.

Proposal 7: UL DCI explicitly indicates an MCS for CSI transmission in a PUSCH without data.
An overall design objective should be to avoid always linking data transmission characteristics with UCI transmission characteristics as the two information types have different transmission characteristics. The link budget imbalance that exists for UCI transmission in the PUSCH and the PUCCH in LTE should also be reduced if not completely avoided. It is noted that a UE may be limited in its link budget without necessarily being coverage limited as link budget limitation can exist due to the payload and target BLER requirements. 
Proposal 8: UCI mapping spans all PUSCH symbols.

Finally, another design aspect for UCI multiplexing in NR relates to slot aggregation. When UCI is multiplexed in a slot among aggregated slots, data BLER in the slot with UCI multiplexing is degraded relative to data BLER in slots without UCI multiplexing and, when the ratio of UCI REs to data REs is large, data decoding is expected to fail. In general, if some DCI fields (e.g. resource allocation, MCS, etc.) are common for all scheduled slots, the data code rate in the slot with UCI multiplexing is larger than the data code rate in other slots and data decoding is likely to fail (unless a lower data BLER is targeted in other slots).
Proposal 9: For multi-slot PUSCH scheduling, NR supports similar data BLER in slots with UCI multiplexing and in slots without UCI multiplexing.
3 Conclusions

This contribution considered aspects for UCI multiplexing in an UL data channel and proposes the following. 
Proposal 1: If supported, a UE is not expected to multiplex more than 2 HARQ-ACK bits in a PUSCH in response to DL assignments received after a corresponding UL grant. 
Proposal 2: A UE is configured by higher layers multiple 
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 values (separately for one data codeword and for two data codewords) for corresponding multiple ranges of HARQ-ACK and CSI payloads. 

Proposal 3: For indication of 
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 values by UL DCI, a UE is configured four 
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 values (separately for one data codeword and for two data codewords) and a 2-bit field in an UL DCI indicates one of the four 
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 values. 

Proposal 4: A single 2-bit field in an UL DCI indicates a
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 value for HARQ-ACK and a 
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 value for CSI. 

Proposal 5: For configuration of 
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 values by higher layers, the configuration is separate for initial transmission of a data TB and for a retransmission of the data TB. 

Proposal 6: Coded modulation symbols for the second CSI part are determined assuming a reference payload. 

Proposal 7: UL DCI explicitly indicates an MCS for CSI transmission in a PUSCH without data.
Proposal 8: UCI mapping spans all PUSCH symbols.

Proposal 9: For multi-slot PUSCH scheduling, NR supports similar data BLER in slots with UCI multiplexing and in slots without UCI multiplexing.
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