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

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

At the RAN1 NR Ad-Hoc #3 meeting, the following agreements were further made for multiplexing of UCI and UL data in the same slot [2]:
Agreements:
· Confirm the working assumption:

· 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.

Agreements:
· For UCI on PUSCH, support both dynamic and semi-static [image: image2.png]ﬂoffset



 indication

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

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

2 Discussion
HARQ-ACK mapping rules
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Figure 1: HARQ-ACK mapping on PUSCH
For HARQ-ACK transmission on PUSCH, it can be mapped adjacent to DMRS to get better channel estimation performance. It was also proposed by some companies to support distributed mapping in frequency to get frequency diversity gain. For instance, in [2] it was shown that distributed mapping provides gain of 2 dB over localized mapping for OFDM. One reason for this is that by nature of the transformation DFT-s-OFDM provides frequency diversity over a symbol, while this is not the case with CP-OFDM.   
As shown in Figure 1(a), when DMRS is front loaded in the first symbol, HARQ-ACK can be mapped on the second symbol and on the two edges of the PUSCH transmission bandwidth. This should be sufficient to glean most of the possible frequency diversity and is also applicable to both CP-OFDM and DFT-s-OFDM. More clusters can be considered if significant additional benefit is observed. 
For a slot having long UL-part, if an additional DMRS symbol is 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 additional DMRS symbols. As shown in Figure 1(b), when an additional DMRS is configured in symbol#7, HARQ-ACK is mapped to symbol#1, symbol#6 and symbol#8 and mapped on the two edges of the 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, where the clusters are at least mapped to the edges of the PUSCH transmission bandwidth. 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.
A performance comparison of time-first (similar to LTE) and frequency-first mapping of CSI on PUSCH was conducted in [4]. The simulation results of [3] show the frequency diversity gain provided by frequency-first mapping is more than the time diversity that can be gained by time-first mapping particularly in low speed channels. Moreover, for front-loaded DMRS the channel estimates are expected to be better for UCI transmitted close to the DMRS symbol. However, these results do not show the case of higher speed channels without frequency hopping and additional DMRS symbols. This would more closely reflect LTE deployment scenarios. On the other hand, CSI using the same mapping method with UL data could minimize the specification and implementation effort.  Secondly, it should be noted that PUSCH durations may vary in NR similarly to the long PUCCH formats and it is useful to fix the positions of the CSI resources regardless of te varying lengths of the PUSCH duration. 
Proposal 2: Frequency first mapping should be used for CSI transmission on PUSCH in NR.
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Figure 2: CSI mapping on PUSCH
For one DMRS symbol and single part CSI report, CSI can be mapped on physical resources following the DMRS symbol to minimize CSI processing delay as shown in Figure 2(a). 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, it was proposed 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) [4]. One reason 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 UCI. 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 two-part mapping as discussed in [4] is used, gNB cannot know the ending position UL data before decoding the Part 1 CSI. Both the resources for Part 2 CSI and UL data can be determined by gNB after decoding the part 1 CSI. Hence, part 2 CSI should be located before UL data to minimize CSI processing delay.
For two DMRS symbol case, two options can be considered:

· Option 1: Similar to the one DMRS symbol case, CSI is only mapped on REs following the first DMRS symbol as shown in Figure 2(b). For a 2-part CSI report, , Part 1 of the CSI report is mapped first and then Part 2 of the CSI report is mapped onto REs adjacent to Part 1 CSI  before UL-SCH data.
· Option 2: A single part CSI report is mapped after the first DMRS symbol and on either side of the second DMRS symbol. For a 2-part CSI report, the first part is mapped after the first DMRS symbol, while the second part is mapped on either side of the second DMRS symbol as shown in Figure 2(c).
Comparing the above two options, Option 1 is simpler from specification and implementation perspective, and offers smaller processing latency for CSI. Option 2 may have better time diversity gain and channel estimation performance. According to the simulation results in [3], when frequency first mapping is used for CSI, no performance gain is observed for CSI separately mapped adjacent to two DMRS symbols compared with CSI mapped only after the first DMRS symbol when 25 % and 50% resource is used for CSI transmission. Hence, option 1 is more preferred.
Proposal 3: For CSI transmission on PUSCH, CSI is mapped to the resource adjacent to the first DMRS symbol. For a 2-part CSI report, Part 1 of the CSI report is mapped first and then Part 2 of the CSI report is mapped onto REs adjacent to Part 1 CSI before UL-SCH data.
Beta value selection 
It was agreed that both dynamic and semi-static beta offset indication are supported but the applicable case(s) is/are FFS. In general, semi-static configuration would be required for grant-free UL transmission. For dynamically scheduled PUSCH transmission, a few beta offset values can be configured by RRC and PDCCH can dynamically indicate one of these values. 
Proposal 4: For dynamically scheduled PUSCH transmission, a few beta offset values can be configured by RRC signaling and PDCCH dynamically indicates one of these values. For grant-free UL transmission, semi-statically configured beta offset value is supported.
Reliable multiplexing of HARQ-ACK and UL data on PUSCH
For HARQ-ACK on PUSCH, it was agreed that PUSCH is rate-matched for HARQ-ACK with more than 2 bits and PUSCH is punctured for HARQ-ACK with up to 2 bits. Regardless of whether HARQ-ACK is transmitted on PUCCH or PUSCH, it is necessary to ensure a common understanding between the gNB and UE on the transmitted number of HARQ-ACK bits. Detailed design options are discussed in [5], where the principle of a DAI field from LTE can be reused to ensure reliable PUSCH reception. Secondly, gNB and UE should have common understanding on whether UE has missed all the DL assignments. Although a DAI field in the UL grant can help the UE determine the HARQ-ACK codebook size, in NR it is not presently clear whether downlink data could be scheduled after an UL grant, as shown in Figure 3. In this case the DAI in UL grant cannot indicate the number of DL assignments after the UL grant, and gNB cannot know whether UE missed all the DL assignments. 
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Figure 3: Illustration of PDSCH transmitted after an UL grant with the corresponding HARQ-ACK feedback scheduled in same slot as the PUSCH
The following mechanisms can be considered to ensure reliable multiplexing of HARQ-ACK and UL data on PUSCH.
· Option 1: the gNB informs a UE about the maximum number of PDSCHs that could potentially be scheduled after transmission of an UL grant and having the same UL timing as the PUSCH. This information may be conveyed by either higher layer signaling or physical signaling, e.g., DAI field in the UL grant can indicate both the number of PDSCHs transmitted before UL grant with the corresponding HARQ-ACK feedback on PUSCH and the maximum number of PDSCHs that could potentially be scheduled after UL grant and having the same UL timing as the PUSCH, or a separate DCI field can be defined to indicate the maximum number of PDSCHs that could potentially be scheduled after UL grant and having the same UL timing as the PUSCH;
· Option 2: Use 1 bit in UL grant to indicate whether there is HARQ-ACK on PUSCH, if gNB indicate there is HARQ-ACK on PUSCH, then fixed resource is reserved for HARQ-ACK transmission because UE will not know the codebook size if it misses all the DL assignments;
· Option 3: The codebook size can be determined according to counter DAI and total DAI, where counter DAI is the index of scheduled PDSCHs until current slot/mini-slot; total DAI is the total number of PDSCHs need to be acknowledged in the same feedback occasion, and UE indicate whether it missed all the DL assignments by adding 1bit information on DMRS;
· Option 4: UE reports the number of received PDSCHs, where this information is encoded separately from the HARQ-ACK feedback;
· Option 5: For downlink data scheduled before UL grant, HARQ-ACK is rate-matched with PUSCH; for downlink data scheduled after UL grant, HARQ-ACK is punctured on PUSCH;
· Option 6: HARQ-ACK timing restrictions: for a PDSCH which is transmitted after an UL grant, the corresponding HARQ-ACK timing cannot point to the same slot as the PUSCH scheduled by the UL grant.
For option 1, the maximum number of PDSCHs scheduled after UL grant and the corresponding HARQ-ACK is transmitted on the PUSCH scheduled by the UL grant is limited. For option 2, fixed resource will always be reserved on PUSCH for HARQ-ACK transmission, which will decrease the spectrum efficiency. For option 3, special design should be considered for DMRS sequences, which may have influence on DMRS performance. For option 4, it has maximum flexibility but complicated design on reported information. For option 5, separate coding needs to be defined for HARQ-ACK feedback for downlink data scheduled before and after the UL grant. Option 6 has the benefit of simplicity but the downside of some scheduling restriction. Comparing the above six options, option 1 is simple and has less limitation on scheduling, hence it is more preferred.
In addition, for SPS PUSCH and grant-free PUSCH transmission, since there is no UL grant, gNB can not indicate UE whether there is HARQ-ACK transmission on PUSCH, if UE misses all the DL grants, UE will not feedback HARQ-ACK. The method to avoid gNB misunderstanding is UE indicating the information either by UE report the number of received PDSCHs separately or add 1bit information on DMRS. However, this will complicate the feedback design. It can be resolved by gNB implementation, e.g. gNB blind detect the PUSCH by assuming there is HARQ-ACK and there is no HARQ-ACK rate-matching.
Proposal 5: To ensure reliable multiplexing of HARQ-ACK and UL data on PUSCH, a UE may be informed by the gNB of the maximum number of PDSCHs that could potentially be scheduled after an UL grant and having the same feedback timing as the corresponding PUSCH. It is FFS whether the UE is informed by higher layer or dynamic signaling.
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, where the clusters are at least mapped to the edges of the PUSCH transmission bandwidth. FFS the number of frequency domain clusters.
Proposal 2: Frequency first mapping should be used for CSI transmission on PUSCH in NR.
Proposal 3: For CSI transmission on PUSCH, CSI is mapped to the resource adjacent to the first DMRS symbol. For a 2-part CSI report, , Part 1 of the CSI report is mapped first and then Part 2 of the CSI report is mapped onto REs adjacent to Part 1 CSI  before UL-SCH data.
Proposal 4: For dynamically scheduled PUSCH transmission, a few beta offset values can be configured by RRC signaling and PDCCH dynamically indicates one of these values. For grant-free UL transmission, semi-statically configured beta offset value is supported.

Proposal 5: To ensure reliable multiplexing of HARQ-ACK and UL data on PUSCH, a UE may be informed by the gNB of the maximum number of PDSCHs that could potentially be scheduled after an UL grant and having the same feedback timing as the corresponding PUSCH. It is FFS whether the UE is informed by higher layer or dynamic signaling.
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