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1 Introduction
At previous RAN1 meetings, several agreements were reached regarding multiplexing of UCI and UL-SCH data on PUSCH. In this paper, we discuss the remaining details of UCI multiplexing on PUSCH.
2 Discussion
2.1 HARQ-ACK reserved REs 

For UCI mapping on PUSCH, it was agreed that when UE determines to transmit 0, 1, or 2 HARQ-ACK bits, the amount of reserved REs for HARQ-ACK is calculated assuming 2-bits HARQ-ACK. It was also agreed that in case the number of HARQ-ACK bits determined at UE is less than 2, the modulated HARQ-ACK symbols are mapped to a subset of the reserved REs. But how to determine this subset of the reserved HARQ-ACK REs is FFS. There are three options that can be considered:
· Option1: The modulated HARQ-ACK symbols are mapped to a subset of the reserved REs in a distributed manner with distance d = floor(the number of reserved REs/the number of HARQ-ACK symbols);
· Option2: The modulated HARQ-ACK symbols are mapped to a subset of the reserved REs in a distributed manner with distance d = floor(the number of remaining reserved REs/the number of unmapped HARQ-ACK symbols);
· Option3: The modulated HARQ-ACK symbols are mapped to a subset of the reserved REs in a distributed manner with distance 
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Figure 1. HARQ-ACK mapping on reserved REs
For option 1, the floor operation results in a consecutive UCI mapping in some cases, as shown in figure 1-a. In such cases, frequency diversity cannot be achieved. For option 2, some diversity gain can be achieved as shown in figure 1-b, but UE need to compute for each HARQ-ACK modulation symbol to get the mapping position, so it increase the implementation complexity. For option 3, as shown in figure 1-c, since the number of reserved REs and the number of HARQ-ACK symbols is known to the UE, the UE can compute the distance based on these two values. The UE does not need to always update the value. Since, the only case that the number of HARQ-ACK symbols is less than the number of reserved REs is when UE determines to transmit 1 HARQ-ACK bit, then the number of HARQ-ACK symbols equals to floor(the number of reserved REs/2) unless the number of reserved REs exceed the upper bound. We can use the formula given in option3 to get distance equals to 2 when UE determines to transmit 1 HARQ-ACK bit and the number of reserved REs do not exceed the upper bound, otherwise the distance equals to 1. The diversity gain can be achieved in most cases unless the number of reserved REs exceeds the upper bound of HARQ-ACK REs on PUSCH. But for HARQ-ACK puncturing, we think the number of reserved REs exceeds the upper bound is corner case, so option 3 can get diversity gain in most cases with simplest implementation operation.
Proposal 1: The modulated HARQ-ACK symbols are mapped to a subset of the reserved REs in a distributed manner with distance 
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2.2 UCI resource computation 

Issue1: UCI resource upper bound
At last meeting, a new threshold parameter α in the set {0.5, 0.65, 0.8, 1}. was agreed to set an upper bound on the number of UCI REs reserved on PUSCH with UL-SCH data. As α may be a real number a ceiling operation should be performed to ensure that the upper bound is an integer. 
Proposal 2: Ceiling operation should be applied for the UCI resource upper bound computation.
For HARQ-ACK on PUSCH without UL-SCH, the upper bound can also be used. Similar as UCI on PUSCH with UL-SCH data, if the number of HARQ-ACK bits is larger than the number of CSI bits, all the PUSCH resources will be used for HARQ-ACK transmission even if the gNB schedules a large PUSCH frequency domain resource allocation. Hence, we can use parameter α for determining the upper bound of HARQ-ACK resources on PUSCH without UL-SCH as in the following formula:
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For CSI on PUSCH without UL-SCH, all the resources can be used for CSI transmission; we need to determine how much resources can be used for CSI part 1 and CSI part 2 respectively. If the resource is limited, CSI part 2 can be dropped and only CSI part 1 can be transmitted. Hence, an upper bound is not needed for CSI on PUSCH without UL-SCH.
Proposal 3: The threshold parameter 
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 can be applied to HARQ-ACK resource computation when there is no UL-SCH on PUSCH.
Issue2: UCI resource determination on PUSCH without UL-SCH data
For UCI piggyback on PUSCH without UL-SCH data, there were no agreements on how to determine the UCI resources. 
For HARQ-ACK resource determination, the issue is about the number of CSI bits when HARQ-ACK and CSI are multiplexed on PUSCH without UL-SCH data. Since CSI include two parts and the number of bit for CSI part 2 is determined by CSI part 1. If the PUSCH resources is not enough for both CSI part 1 and CSI part 2 transmission, CSI part 2 may be partially or fully dropped. Since the gNB cannot determine the actual number of bits of CSI part 2, we propose that for HARQ-ACK on PUSCH without UL-SCH, the number of CSI bits in the denominator is set to the number of bits for CSI part 1.

Proposal 4: For HARQ-ACK on PUSCH without UL-SCH, set 
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 to the number of bits for CSI part 1.
For CSI part 1 resource determination, the following options are provided from the contributions submitted in last meeting [1]~[3]:

· Option1: Determine the CSI part 1 resource based on a reference MCS of CSI part 2 and relative beta offset between CSI part 1 and CSI part 2;
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· Option2: Determine CSI bits from the MCS and the resource allocation in the UL DCI format (or directly use the MCS in the DCI format) and introduce a separate beta-offset configuration at least for semi-static beta-offset;
· Option3: For UCI on PUSCH without UL-SCH data, use the same approach as for HARQ-ACK and CSI multiplexing in PUCCH format 3;
· Option4: Determine the CSI part 1 resource based on an indicated target coding rate.
For option1, firstly we should consider how to determine the reference MCS of CSI part 2. If the reference MCS of CSI part 2 is based on rank1, then less REs will be allocated to CSI part 1 in case the actual number of CSI part 2 bits is based on rank1; if the reference MCS of CSI part 2 is based on rank2, the resources allocated to CSI part 1 can be more than it really needed. The issue is CSI part 1 has higher priority than CSI part 2, if gNB only allocated PUCCH resources enough for CSI part 1 transmission, then by this option, only a subset of the resources will be allocated to CSI part 1 and the performance of CSI part 1 cannot be ensured.
For option2, MCS in the UL DCI format is used to determine the CSI bits, which means we cannot use MCS field in DCI to indicate A-CSI on PUSCH without UL-SCH data, 1 bit in DCI is needed, as discussed in section 2.3 it is not desirable to introduce a bit in DCI solely to indicate whether or not there is UL-SCH data to be transmitted on a PUSCH.

For option3, joint coding is used for HARQ-ACK and CSI part 1. The motivation for this option is that a similar approach is used for transmission on PUCCH and there is no reason why the same cannot be used for UCI on PUSCH. However, there are differences to note. CSI on PUCCH is typically periodic and with a smaller payload compared to aperiodic CSI transmitted on PUSCH without UL-SCH data. The beta-offset factors then help to adjust the target code rate for each UCI type on PUSCH compared to a fixed maximum code rate on PUCCH, which only serves as a limiting factor to determine what parts of the CSI is dropped. So it is not preferable to reuse the method for HARQ-ACK and CSI multiplexing on PUCCH format 3.
For option4, we need to determine how to indicate the target coding rate, to reduce the influence to high layer signaling, we consider that HARQ process number field in DCI can be reused to indicate the target coding rate for CSI part 1, then the number of coded modulation symbols per layer for CSI part 1 transmission, denoted as 
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where

-
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 is the number of bits for CSI part 1 on PUSCH;
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 is the target coding rate for CSI part 1 on PUSCH;

The remaining resources can be used for CSI part 2 transmission. 
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CSI part 2 should be omitted when the code rate for transmitting all of CSI part 2 on the remaining resources would be greater than a threshold code rate
[image: image14.wmf],2

CSI

Threshold

R

, where

[image: image15.wmf],1CSI,1

argoffset

,2

CSI,2

offset

*

CSI

Tet

CSI

Threshold

R

R

b

b

=


-

[image: image16.wmf],1

arg

CSI

Tet

R

 is the target coding rate for CSI part 1 on PUSCH;

· 
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 is the CSI part 1 offset value indicated by gNB;
· 
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is the CSI part 2 offset value indicated by gNB.
Proposal 5: For 2-part CSI transmitted on PUSCH without UL-SCH data, gNB indicate a target coding rate for CSI part 1 on PUSCH by reusing the HARQ process number indication field in DCI,

· the resources used for CSI part 1 should be determined based on the indicated target coding rate;
· the remaining resources can be used for CSI part 2.
2.3 A-CSI on PUSCH without UL-SCH data
For aperiodic CSI on PUSCH triggered by an UL grant without UL-SCH data, it was agreed that the modulation order for PUSCH is handled the same way as the case when PUSCH is with UL-SCH data, which means higher order modulation in addition to QPSK is supported. Then, how to indicate aperiodic CSI on PUSCH without UL-SCH data and how to indicate the corresponding modulation are two open issues.
· Option1: Reuse LTE scheme

Similar as LTE, we can use the combination of IMCS = {[28], 29, 30, 31} and certain number of PRBs to indicate the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM, and [256QAM] (if PUSCH can support 256QAM) respectively. However, the length of PUSCH can be slot based or mini-slot based and the symbols used by PUSCH transmission can be dynamically changed in NR, which means using the limitation of the number of PRBs is not appropriate for NR. Secondly, IMCS = {[28], 29, 30, 31} is mainly used for UL-SCH data retransmission procedure on PUSCH. If we use this to indicate the modulation order for CSI on PUSCH without UL-SCH data, it will impact UL-SCH data retransmission procedure. So reusing LTE scheme is not preferred for CSI on PUSCH without UL-SCH data.
· Option2: Define dedicated DCI field
In this option, 1 bit is added in DCI to indicate whether or not there is data on PUSCH. Then in case there is no data on PUSCH and CSI request field indicates a CSI request, we can reuse IMCS to indicate the modulation order of CSI. But we consider this to be an inefficient solution because an additional bit is added for a scenario (CSI on PUSCH without UL-SCH data) that occurs, at best, only some of the time and indeed, for moderate to heavy UL traffic situations is highly unlikely.
· Option3: Reuse NDI/RV/MCS fields 
This option is to reuse the NDI, RV and MCS fields to trigger CSI on PUSCH without UL-SCH data. By this option, NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0. Then this can be combined with IMCS = {[28], 29, 30, 31} indicating the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM and [256QAM] (if PUSCH can support 256QAM).

To provide more details, the gNB schedules the DCI with a HARQ process that is currently free, i.e. one for which the last scheduled UL TB has been successfully received. Then when the UE receives a DCI with NDI bit toggled compared to the last transmission for the same HARQ process, it also sees that the IMCS is in the range 28 – 31 which implies that it cannot determine a TBS and the UE interprets this as a CSI transmission on PUSCH without UL-SCH data.

Proposal 6: Reuse the NDI, RV and MCS fields in DCI to trigger CSI on PUSCH without UL-SCH data, 
· NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0 combined with IMCS = {[28], 29, 30, 31} to indicate the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM and [256QAM] respectively.
2.4 Overlapped PUCCH and PUSCH transmissions
To provide more details, the gNB schedules the DCI with a HARQ process that is currently free, i.e. one for which the last scheduled UL TB has been successfully received. Then when the UE receives a DCI with NDI bit toggled compared to the last transmission for the same HARQ process, it also sees that the IMCS is in the range 28 – 31 which implies that it cannot determine a TBS and the UE interprets this as a CSI transmission on PUSCH without UL-SCH data.

In the case of multiplexing HARQ-ACK with uplink data on PUSCH, it was agreed that UE is not expected to multiplex HARQ-ACK with uplink data if the network set the values of K1 and/or K2 without leaving sufficient time for UE processing. But there is no agreement on detailed UE behavior for PUCCH and PUSCH overlapping, we can consider by the following cases:
For overlapping of single PUCCH and single PUSCH, if only HARQ-ACK is transmitted on PUCCH, since HARQ-ACK is considered has higher priority, so UE should give up PUSCH transmission when it know there will be PUCCH and PUSCH conflicting. If only CSI is transmitted on PUCCH, since CSI on PUCCH is transmitted periodically, so UE should give up PUCCH transmission when it know there will be PUCCH and PUSCH conflicting. If both HARQ-ACK and CSI are transmitted on PUCCH and UE does not have sufficient processing time for HARQ-ACK or both HARQ-ACK and CSI, UE should give up PUSCH transmission when it know there will be PUCCH and PUSCH conflicting; otherwise, UE multiplexing HARQ-ACK on PUSCH and drop CSI.
For overlapping of multiple PUCCH and single PUSCH, if HARQ-ACK is included in one of the PUCCH and if UE does not have sufficient time for UE processing to multiplexing all HARQ-ACK on PUSCH, UE should give up PUSCH transmission when it know there will be PUCCH and PUSCH conflicting; otherwise, multiplexing all HARQ-ACK on PUSCH and drop CSI if there is any. If HARQ-ACK is not included in any PUCCH and UE have sufficient time for UE processing to multiplexing at least one CSI on PUSCH, choose one PUCCH with highest priority to multiplex CSI on PUCCH, otherwise, drop all CSI.

For overlapping of single PUCCH and multiple PUSCH, if HARQ-ACK is included in PUCCH, then multiplexing UCI on the last PUSCH in time domain; otherwise, UE should give up PUCCH transmission when it know there will be PUCCH and PUSCH conflicting.

Proposal 7: For PUCCH and PUSCH overlapping, the following principles can be used:
· PUCCH with HARQ-ACK has highest priority;

· PUCCH with CSI has lowest priority;

· UE should give up the transmission with lower priority when it knows there will be a PUCCH and PUSCH conflict.
3 Conclusions
This contribution provided some analysis on the remaining issues of multiplexing UCI and data on PUSCH. Based on the discussion, we have the following proposals. 
Proposal 1: The modulated HARQ-ACK symbols are mapped to a subset of the reserved REs in a distributed manner with distance 
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Proposal 2: Ceiling operation should be applied for the UCI resource upper bound computation.
Proposal 3: The threshold parameter 
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 can be applied to HARQ-ACK resource computation when there is no UL-SCH on PUSCH.
Proposal 4: For HARQ-ACK on PUSCH without UL-SCH, set 
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 to the number of bits for CSI part 1.
Proposal 5: For 2-part CSI transmitted on PUSCH without UL-SCH data, gNB indicate a target coding rate for CSI part 1 on PUSCH by reusing the HARQ process number indication field in DCI,

· the resources used for CSI part 1 should be determined based on the indicated target coding rata;
· the remaining resources can be used for CSI part 2.
Proposal 6: Reuse the NDI, RV and MCS fields in DCI to trigger CSI on PUSCH without UL-SCH data, 
· NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0 combined with IMCS = {[28], 29, 30, 31} to indicate the modulation order for CSI on PUSCH without UL-SCH data is QPSK, 16QAM, 64QAM and [256QAM] respectively.

Proposal 7: For PUCCH and PUSCH overlapping, the following principles can be used:

· PUCCH with HARQ-ACK has highest priority;

· PUCCH with CSI has lowest priority;

· UE should give up the transmission with lower priority when it know there will be a PUCCH and PUSCH conflict.
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