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1 Introduction
At the RAN1 #90bis meeting, the following agreements were reached regarding multiplexing of UCI and UL data in the same slot [1]:

Agreements:
· For grant based UL transmission, use DAI based mechanism similar to LTE to indicate UE the number of ACK bits for ACK piggyback on PUSCH. 

· FFS details of DAI mechanism 

· FFS: how to enhance DAI mechanism to support CBG based transmission

Agreements:

· For ACK piggybacked on PUSCH, map ACK to distributed REs across PUSCH allocated RBs 

· Details FFS

Agreements:

· For CSI piggybacked on PUSCH, map CSI to distributed REs across PUSCH allocated RBs 

· Details FFS

Agreements:

· For CSI piggybacked on PUSCH, support splitting CSI mapping (at least for some CSI) into two parts, where the two parts are mapped differently 

· FFS details (e.g., grouping of different CSI types and map them into different REs, which types of CSI, etc.)

· FFS impact of frequency hopping (if any)

Agreements:
· If freq hop is disabled for PUSCH, CSI piggybacked on PUSCH follows freq first mapping rule

· FFS details

· FFS the case when hopping is enabled
Furthermore, in the RAN1 email discussion [90b-NR-28] after RAN1#90bis, the following was agreed for HARQ-ACK piggyback on PUSCH:
Agreements:

· When HARQ-ACK piggybacks on PUSCH, the same rule is applied to map encoded HARQ-ACK bits to HARQ-ACK REs, regardless of HARQ-ACK puncture or rate match PUSCH. 
· HARQ-ACK avoids puncturing PT-RS.

· Down select to one from the following two alternatives

· Map HARQ-ACK to REs around DMRS symbol(s)

· Map HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible in both frequency hops if applicable.

In this paper, we further discuss the remaining issues of multiplexing of UCI and UL data on PUSCH.

2 Discussion
HARQ-ACK mapping rules
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Figure 1: Options for HARQ-ACK mapping on PUSCH in time domain
For HARQ-ACK transmission on PUSCH, it was agreed that the same rule is applied to map encoded HARQ-ACK bits to HARQ-ACK REs, regardless of whether UL-SCH data is punctured by HARQ-ACK or it is rate matched around HARQ-ACK on PUSCH. For HARQ-ACK mapping in time domain, whether mapping HARQ-ACK to REs around DMRS symbol as in Figure 1(a) or mapping to REs across as many symbols as possible as in Figure 1(b) was discussed by email after RAN1#90bis, but there was no conclusion. It was shown during the email discussion of [90b-NR-28] that the same BLER performance is obtained at least for the low speed case, for both options and 1-2 HARQ-ACK bits, where the HARQ-ACK symbols puncture out UL-SCH REs on PUSCH. By mapping to REs around DMRS symbol, HARQ-ACK can be decoded quickly in case of only front loaded DMRS symbol, hence, we prefer mapping HARQ-ACK to REs around DMRS symbol. 
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Figure 2: Proposed HARQ-ACK mapping pattern on PUSCH
It was also agreed to map HARQ-ACK to distributed REs across PUSCH allocated RBs. As shown in Figure 2(a), when DMRS is front loaded in the first symbol, HARQ-ACK can be mapped on multiple clusters of the PUSCH transmission bandwidth. The number of clusters is FFS. 
For an UL-only or UL-centric slot, if both front loaded and additional DMRS symbols are configured, similar HARQ-ACK mapping method as discussed above can also be considered. The difference is that resources for HARQ-ACK can be mapped on either side of these DMRS symbols whenever possible. As shown in Figure 2(b), if 2 DMRS symbols are configured in symbol#2 and symbol#11, HARQ-ACK can be mapped to symbol#1, #3, #10 and #12 and distributed in PUSCH transmission bandwidth.
Proposal 1: For HARQ-ACK transmission on PUSCH, HARQ-ACK symbols are mapped adjacent to DMRS and distributed in frequency domain clusters. FFS the number of frequency domain clusters.
CSI mapping rules
In NR, CSI includes CRI, CQI, PMI and RI. The following principles are agreed for CSI reporting in NR:

· For short PUCCH based CSI reporting, all involved CSI are jointly encoded in terms of channel coding;

· For long PUCCH based CSI reporting, if wideband or partial-band reporting is used, all involved CSI are also jointly encoded; if subband reporting is used, a CSI report is composed of 2 parts;

· For PUSCH based CSI reporting, two part encoding is supported.
For one DMRS symbol and single part CSI report, CSI can be mapped on physical resources adjacent to the DMRS symbol to minimize CSI processing delay. For a 2-part CSI report, RI and CQI are included in Part 1 and a fixed payload size is used.  The remaining CSI is included in Part 2, where the payload size is determined by Part 1. At the last RAN1 meeting, splitting CSI mapping into two parts is agreed, but the details are FFS. 
One proposal is that the first CSI part is mapped to REs before UL-SCH data, whereas the second CSI part is mapped to REs after UL-SCH data (two-part mapping) [2]. A reason for this scheme is that if UL data is mapped after the second CSI part, the starting position of UL data varies depending on the allocated resource for the second CSI part and may result in the gNB performing multiple blind decodes for UL data. 

However, it was agreed that at least for periodic CSI report configured by RRC signaling and aperiodic CSI report triggered by UL grant, the UL data is rate-matched around the CSI. Since the payload size of Part 2 CSI is determined by Part 1 CSI, gNB cannot know the payload size of Part 2 CSI before decoding the Part 1 CSI. Then even if the two-part mapping discussed in [2] is used, the gNB cannot know the ending position of UL data before decoding the Part 1 CSI. Therefore, both the resources for Part 2 CSI and UL data can be determined by gNB after decoding the part 1 CSI. 
For front loaded DMRS with additional DMRS symbol case, three options can be considered:

· Option 1: CSI is only mapped on REs adjacent to the front loaded DMRS symbol and distributed in frequency domain clusters.. For a 2-part CSI report, both of the two parts are mapped on either side of the front loaded DMRS symbol and distributed in frequency domain clusters.

· Option 2: A single part CSI report is mapped on either side of the front loaded DMRS symbol and additional DMRS symbol. For a 2-part CSI report, the first part is mapped adjacent to the front loaded DMRS symbol, while the second part is mapped on either side of the additional DMRS symbol. CSI is distributed in frequency domain clusters.
· Option 3: A single part CSI report is mapped on either side of the front loaded DMRS symbol and additional DMRS symbol and distributed in frequency domain clusters as shown in Figure 2(a). For a 2-part CSI report, both of the two parts are mapped on either side of the front loaded DMRS symbol and additional DMRS symbol and distributed in frequency domain clusters as shown in Figure 2(b).
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Figure 3: Proposed CSI mapping pattern on PUSCH
Comparing the above three options, Option 1 is simpler from specification and implementation perspective, and offers smaller processing latency for CSI, but when frequency hopping is enabled, separate mapping method should be considered for CSI on PUSCH to get frequency diversity. Option 2 may have better time diversity gain and channel estimation performance for single part CSI, but for 2-part CSI, we cannot get time diversity gain or frequency diversity gain in case of frequency hopping since the two parts are separately encoded. For option 3, a unified solution can be applied for with/without frequency hopping, and better channel estimation performance can be obtained. Hence, option 3 is preferred.
Proposal 2: For CSI transmission on PUSCH, CSI is mapped on either side of the existing DMRS symbols and distributed in frequency domain clusters. For a 2-part CSI report, both of the Part 1 of the CSI report and Part 2 of the CSI report are mapped on either side of the existing DMRS symbols and distributed in frequency domain clusters. FFS the number of frequency domain clusters.
Multiplexing of HARQ-ACK and UL data on grant-free PUSCH
For grant based PUSCH transmission, UL DAI based mechanism similar to LTE was agreed to indicate to a UE the number of HARQ-ACK bits for HARQ-ACK piggyback on PUSCH. But for grant-free PUSCH transmission, there is no UL DCI scheduling information. How to keep the alignment between gNB and UE on the number of multiplexed UCI bits needs further consideration. 
If UCI on grant-free PUSCH is not supported, HARQ-ACK piggyback on grant-free PUSCH can be avoided by gNB implementation. For example, gNB indicates TDM resources for grant-free PUSCH and UCI on short PUCCH. If UCI on grant-free PUSCH is supported, when UE receives any DL assignment, both gNB and UE can determine the number of HARQ-ACK bits using the same method as HARQ-ACK on PUCCH. The problem is that if the UE misses all the DL assignments, the UE will not transmit HARQ-ACK on PUSCH, which may cause a decoding error at least for the case where the gNB expects that UL-SCH data was rate matched around HARQ-ACK on PUSCH.  To solve the issue, either HARQ-ACK always punctures UL-SCH data or gNB blind detection can be considered. If we use HARQ-ACK always puncture PUSCH for grant-free PUSCH, the PUSCH performance is reduced for large number of HARQ-ACK bits. Hence, gNB blind detection is more preferred if UCI on grant-free PUSCH is supported.
Proposal 3: If HARQ-ACK on grant-free PUSCH is supported, gNB blind detection can be used to solve the issue caused by UE missing all the DL assignments.
3 Conclusions
This contribution provided some analysis on multiplexing UCI and data on PUSCH. Based on the discussion, we have the following proposals:
Proposal 1: For HARQ-ACK transmission on PUSCH, HARQ-ACK symbols are mapped adjacent to DMRS and distributed in frequency domain clusters. FFS the number of frequency domain clusters.
Proposal 2: For CSI transmission on PUSCH, CSI is mapped on either side of the existing DMRS symbols and distributed in frequency domain clusters. For a 2-part CSI report, both of the Part 1 of the CSI report and Part 2 of the CSI report are mapped on either side of the existing DMRS symbols and distributed in frequency domain clusters. FFS the number of frequency domain clusters.
Proposal 3: If HARQ-ACK on grant-free PUSCH is supported, gNB blind detection can be used to solve the issue caused by UE missing all the DL assignments.
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