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1 Introduction

UCI multiplexing in PUSCH was designed in LTE Rel-8. The design has proven to be largely functional for LTE Rel-8 operation where HARQ-ACK payloads and CSI payloads are small. However, the LTE Rel-8 design did not consider forward compatibility aspects and as a result some design challenges that remained suppressed for single-cell operation became problematic with DL CA operation as the HARQ-ACK and CSI payloads increased and multi-cell support was needed.   

This contribution reviews the LTE Rel-8 design for UCI multiplexing in PUSCH, discusses its shortcomings, and considers remedies for NR.

2 Resource Mapping and Determination
2.1 HARQ-ACK
In LTE, HARQ-ACK coded modulation symbols puncture data coded modulation symbols (and CSI coded modulation symbols). The reason for puncturing, instead of rate matching, was to avoid an ambiguity at the eNB about whether or not the UE multiplexes HARQ-ACK in a PUSCH. This is because HARQ-ACK DTX detection is not practically feasible with sufficient accuracy in a PUSCH (even when HARQ-ACK is just repeated) and, in FDD, there is no DAI in UL DCI formats to inform the UE about an HARQ-ACK payload expected by the eNB. This ambiguity could have been avoided in Rel-8 (e.g. also include DAI in UL DCI formats for FDD) but it was not and the resulting design has made multiplexing HARQ-ACK in PUSCH somewhat detrimental for Rel-8 (~0.5 dB loss in data BLER depending on MCS even for 1-2 bits HARQ-ACK) and highly problematic for CA operation. Even in TDD where rate matching could apply, it does not. There are multiple ways to ensure a same understanding between a UE and an eNB for HARQ-ACK transmission in a PUSCH – e.g. the DAI in UL DCI formats, the HARQ-ACK codebook determination as in eCA, etc. NR should from the beginning ensure that no such ambiguity exists – the end objective is to rate match data/CSI and HARQ-ACK. 

Proposal 1: Data information is rate matched with HARQ-ACK information in an UL data channel. 
Another shortcoming of the LTE operation for HARQ-ACK multiplexing, and in general for UCI multiplexing, in a PUSCH is that the 
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 that decouples the UCI BLER from the data BLER is semi-statically configured to a UE by RRC signaling. This has at least the following three disadvantages:

a) Forces the network to operate with similar BLER for different data bearers as UCI can be multiplexed in PUSCHs with different data bearers. For example, SPS and dynamically scheduled MBB transmissions need to have similar BLER. In NR this should be avoided to enable a wide variety of data target BLERs considering deployment scenario, interference conditions for UE, service type, etc.
b) Fails to account for different coding gains from different coding schemes. The RRC configuration of the 
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 was OK for LTE Rel-8 where UCI payloads were small but has proven highly inefficient for CA as the number of coded modulation symbols is scaled linearly with the (much larger) UCI payload while gains from RM/TBCC coding, and even from the relaxed HARQ-ACK BLER target when CRC is included in the HARQ-ACK codeword, are not captured. This can result to an over-dimensioning of the HARQ-ACK coded modulation symbols but as much as 10x and this happens when the HARQ-ACK payload increases.    

c) Similar to (a), a target BLER can be different for initial transmissions and for retransmissions of data TBs. This was recognized in LTE Rel-8 and the determination for the number of UCI coded modulation symbols in a PUSCH conveying a retransmission of a data TB was based on the PUSCH parameters for the initial transmission of the same data TB. This was a rather arbitrary resolution and introduced additional problems. For example, it makes no material difference if the reference initial transmission is for the same data TB or for a different data TB given that, with the RRC configuration of 
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, all initial transmissions of data TBs need to practically have a same target BLER. In NR, if CB-block based retransmissions are supported, using as reference for determining the number of UCI coded modulation symbols the initial transmission of the same data TB becomes rather meaningless. Another problem with the determination in LTE is that the UE transmission power needs to be highly similar for an initial transmission of a data TB and for a retransmission of the same data TB (because the UCI resources in a retransmission are calculated based on the MCS/MPR of the initial transmission while the PUSCH transmit is calculated based on the MCS/MPR of the re-transmission). This is not generally possible and, due to this discrepancy, UCI BLER in PUSCH with data TB retransmissions cannot be guaranteed. The above issues are exacerbated in case of spatial multiplexing or when the network needs to change the transmission scheme between initial transmissions and retransmissions of data TBs (e.g. apply fallback operation). In NR, it is preferable that the determination of UCI coded modulation symbols is based on the actual PUSCH where UCI is multiplexed and not on the PUSCH for the initial transmission of the same (or, potentially in NR, partially same) data TB.  

LTE attempts to remedy the disadvantages of the RRC-configured 
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 value by introducing additional (smaller) values relative to Rel-8, by introducing new sets for spatial multiplexing or for subframe sets where the UE can experience different interference, but none of these remedies addresses the fundamental problems of having the 
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 being RRC configured. In NR, it is preferable to address the above disadvantages from the beginning and in a fully forward compatible manner. It is also preferable to avoid a semi-static link between data target BLER and UCI target BLERs. These objectives are achieved with dynamic signaling of the 
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 in the UL DCI format scheduling the PUSCH transmission (RRC configuration can still apply for SPS-like PUSCH transmissions). The signaling can be as for other similar cases (e.g. PUCCH resource determination) by configuring by RRC a set of possible values and signaling one value in the UL DCI format.     
Proposal 2: A UE obtains a 
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 value for determining a number of corresponding UCI coded modulation symbols in an UL data channel from the DCI format scheduling the UL data channel.
2.2 RI/CRI
In LTE, RI/CRI shares several of the HARQ-ACK design issues but to a somewhat lesser extent as the respective payloads are contained. Separate coding for HARQ-ACK and RI/CRI is used to maintain the capability to separately set respective BLER targets. It is also used due to the fact that the CSI payload is determined from the RI value.
For NR, support for 1 codeword (CW) per PDSCH/PUSCH assignment (up to 4-layer transmission) was agreed in RAN1#88. Therefore, CQI payload can be independent of RI (since one CQI represents all layers). Then, RI can be jointly coded with CQI and possibly with part of PMI having payload that does not depend on the RI value. This enables CRC protection for RI. 
For LTE, the main issue with the design for RI transmission is to avoid having the eNB/gNB assume an incorrect value for the RI which will then lead to an assumption of an incorrect CSI payload and, possibly, even to soft buffer corruption for the data. In LTE Rel-8, RI is reported for only one cell and, although RI periodicity is typically longer than CSI reporting periodicity and RI errors are relatively infrequent, an RI error can propagate for a relatively long time before the eNB can identify it. In LTE Rel-10 with CA, the frequency of RI errors increases with the number of activated cells and the issue of an RI error becomes more serious as a single RI error results to incorrect multi-cell CSI payload determination and it is harder for the eNB to identify which RI was erroneously detected. As discussed above, this issue can be avoided in NR by protecting RI with CRC – this also avoids targeting a very low BLER for RI (compared to CSI). 
The same design can be extended for CRI since CRI reporting is usually accompanied with at least one other CSI parameter. For example, CRI can be reported together with RI/PMI/CQI associated with the CSI-RS resource index indicated/recommended by the CRI. For beam management, at least one CRI is reported and each CRI can be accompanied with a beam measurement metric such as ‘beam’ RSRP. Therefore, CRI can be jointly coded with other reported parameters. 

Proposal 3: Consider CRC protection for RI via joint coding with CQI.
Proposal 4: RI is separately encoded from HARQ-ACK. 
2.3 CSI
There are several design issued with CSI multiplexing in a PUSCH in LTE. 

CSI modulation is same as data modulation when data is multiplexed in the PUSCH but is restricted to be only 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 the CSI payloads have significantly increased since Rel-8 and are likely to further increase in NR. It is preferable that NR supports a clean design that does not rely on manipulation of code-points in an UL DCI format and can enable the gNB to directly select the modulation scheme for CSI in a PUSCH transmission without data. Some modulation schemes, such as 256QAM, may be inappropriate for CSI (due to the typically lower target BLER than for data and the absence of HARQ retransmissions) but whether there is any benefit for the modulation scheme to be restricted by specification is currently unclear. 

Further, when HARQ-ACK is multiplexed with CSI, the number of HARQ-ACK coded modulation symbols in LTE is determined as [1]
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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 if CB-group based HARQ-ACK feedback is also supported. In NR, similar to an 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 format. Essentially, there should be no functional difference between an UL DCI format triggering data transmission and an UL DCI format triggering CSI transmission without data in a PUSCH.

Proposal 5: An UL DCI explicitly indicates an MCS for CSI transmission in an UL data channel without data.
Also, if RI is separately encoded from CSI, it may not always be possible to enable a gNB to determine when it erroneously detects a RI value (e.g. CRC protection may not always be possible). In such cases, mapping of CSI to sub-carriers should be such that it does not cause soft buffer data corruption for the data.

Proposal 6: Mapping of CSI to sub-carriers of an UL data channel does not cause soft buffer corruption for the data when a gNB assumes a different CSI payload than the one used by a UE.

An overall design objective should be to avoid always linking data transmission characteristics with UCI transmission characteristics as the two information types themselves 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 7: UCI mapping to sub-carriers of an UL data channel aims to provide robustness and minimize a link budget difference with relative to UCI transmission in a long UL control channel.

In LTE, a UE is configured simultaneous PUSCH and PUCCH transmissions by higher layer signaling and this is also dependent on the UE supporting clustered PUSCH transmissions. This is too restrictive and, in fact, although specified, simultaneous PUCCH and PUSCH transmissions are not supported by LTE networks. NR should aim to make the support of simultaneous UL data channel and UL control channel transmissions from a UE independently of other functionalities and also move the configuration from RRC to L1 using the UL DCI format.

Proposal 8: Simultaneous UL data channel and UL control channel transmissions from a UE are supported without additional conditions and based on indication by the UL DCI format scheduling the UL data channel.

Finally, another design aspect for UCI multiplexing in NR relates to slot aggregation. When a CSI 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 of control 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: Consider how to guarantee data BLER in a slot with UCI transmission regardless of number of scheduled slots.
3 Conclusions

This contribution considered aspects for UCI multiplexing in an UL data channel and proposes the following. 
Proposal 1: Data information is rate matched with HARQ-ACK information in an UL data channel. 
Proposal 2: A UE obtains a 
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 value for determining a number of corresponding UCI coded modulation symbols in an UL data channel from the DCI format scheduling the UL data channel.

Proposal 3: Consider CRC protection for RI via joint coding with CQI.
Proposal 4: RI is separately encoded from HARQ-ACK.

Proposal 5: An UL DCI explicitly indicates an MCS for CSI transmission in an UL data channel without data.
Proposal 6: Mapping of CSI to sub-carriers of an UL data channel does not cause soft buffer corruption for the data when a gNB assumes a different CSI payload than the one used by a UE.

Proposal 7: UCI mapping to sub-carriers of an UL data channel aims to provide robustness and minimize a link budget difference with relative to UCI transmission in a long UL control channel.

Proposal 8: Simultaneous UL data channel and UL control channel transmissions from a UE are supported without additional conditions and based on indication by the UL DCI format scheduling the UL data channel.

Proposal 9: Consider how to guarantee data BLER in a slot with UCI transmission regardless of number of scheduled slots
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