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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 UCI on PUSCH without UL-SCH data
Issue1: How to indicate UCI-only PUSCH and the CSI modulation order
For aperiodic CSI on PUSCH triggered by an UL grant without UL-SCH data, it was agreed that the modulation order and code rate are signaled in DCI. But how the modulation order and code rate are signaled is FFS and whether to trigger A-CSI only without UL-SCH on PUSCH explicitly based on adding one bit in DCI or implicitly based on a special combination of certain existing fields in DCI is also FFS.
· Option1: Define dedicated DCI field
In this option, 1 bit is added in DCI to indicate whether or not to transmit UL-SCH data on PUSCH. If the bit field indicates that there is no UL-SCH data on PUSCH and the CSI request field indicates a CSI request, the IMCS field indicates the modulation order and code rate of CSI. Although this seems to be a simple solution it is quite inefficient 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. Rather than add a bit, reuse of existing fields in the DCI should be considered if it can also solve the issue of signaling the modulation and code rate.
· Option2: 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. The NDI bit is toggled compared to the previous transmission for the same HARQ process and RV is set to 0. This can be combined with the last 3 or 4 entries of the MCS table to indicate the modulation order. For example if 256QAM is not configured and transform precoding is enabled IMCS = {28, 29, 30} may indicate the modulation order of QPSK, 16QAM and 64QAM whereas if the UE supports pi/2 BPSK, IMCS = {28, 29, 30, 31} may respectively indicate pi/2 BPSK, QPSK, 16QAM and 64QAM. Similarly if transform precoding is disabled, the last 3 or 4 IMCS values may be used to indicate QPSK to 64QAM/256QAM respectively depending on whether or not the 256QAM table is configured.
The combination of IMCS in the range 28 – 31, NDI bit toggled compared to the last transmission for the same HARQ process and RV = 0 is an invalid HARQ state that would otherwise have been considered inconsistent control information. Therefore, it can be used to signal a CSI transmission on PUSCH without UL-SCH data. 

For a DCI scheduling a CSI-only PUSCH, the HARQ ID is not applicable and thus, the HARQ process number field can be reused to indicate the target coding rate for CSI (in this case CSI Part 1 as would be elaborated on later). One concern raised at RAN1 #92 was to minimize UE testing efforts by not specifying unrealistic combinations of modulation order and code rate. Indeed it was mentioned that combinations already specified in the current MCS table may be sufficient for CSI-only PUSCH. 

Consider for example the PUSCH MCS table for up to 64QAM in 38.214 as shown below. As the modulation order is determined as described above from the range 28 ≤ IMCS ≤ 31, the 4-bit HARQ process number field in DCI can be used to indicate the PUSCH target coding rate corresponding to the modulation order. For example, for QPSK there are 8 or 10 different target code rates depending on whether or not the UE supports pi/2 BPSK. Consider the case where the UE supports pi/2 BPSK. The 3 LSBs of the HARQ process number field in DCI can be used to indicate one of the 8 QPSK code rates as shown in the table below. If the UE does not support pi/2 BPSK, all 4 bits of the HARQ process field are used to indicate one out of the 10 QPSK code rates. For 16QAM, there are 7 different target code rate values (shaded green) in the table below and the 3 LSBs of the HARQ process number field in DCI can be used to indicate one of them. Similarly for 64QAM, the 4-bit HARQ process field is used to indicate one out of the 11 different target code rates (shaded blue).

Table 6.1.4.1-1: MCS index table for PUSCH with transform precoding and 64QAM

	MCS Index
IMCS
	Modulation Order
 Qm
	Target code Rate R x 1024

	Spectral

efficiency

	0
	q
	240/ q
	0.2344

	1
	q
	314/ q
	0.3066

	2
	2
	193
	0.3770

	3
	2
	251
	0.4902

	4
	2
	308
	0.6016

	5
	2
	379
	0.7402

	6
	2
	449
	0.8770

	7
	2
	526
	1.0273

	8
	2
	602
	1.1758

	9
	2
	679
	1.3262

	10
	4 
	340
	1.3281

	11
	4
	378
	1.4766

	12
	4
	434
	1.6953

	13
	4
	490
	1.9141

	14
	4
	553
	2.1602

	15
	4
	616
	2.4063

	16
	4
	658
	2.5703

	17
	6
	466
	2.7305

	18
	6 
	517
	3.0293

	19
	6
	567
	3.3223

	20
	6
	616
	3.6094

	21
	6
	666
	3.9023

	22
	6
	719
	4.2129

	23
	6
	772
	4.5234

	24
	6
	822
	4.8164

	25
	6
	873
	5.1152

	26
	6
	910
	5.3320

	27
	6
	948
	5.5547

	28
	1
	reserved

	29
	2
	reserved

	30
	4
	reserved

	31
	6
	reserved


Proposal 1: Reuse the CSI request, NDI, RV,MCS and HARQ process fields in DCI to trigger CSI on PUSCH without UL-SCH data as follows, 
· The NDI bit is toggled compared to the previous transmission for the same HARQ process and the RV field is set to 0
· The modulation order is indicated by the IMCS 
· If the MCS table supports up to 64QAM and the UE does not support pi/2 BPSK, IMCS = {28, 29, 30} indicates QPSK, 16QAM and 64QAM respectively. Otherwise if the UE supports pi/2 BPSK, IMCS = {28, 29, 30, 31} indicates pi/2 BPSK, QPSK, 16QAM and 64QAM respectively. If the MCS table supports up to 256QAM, IMCS = {28, 29, 30, 31} indicates QPSK, 16QAM, 64QAM and 256QAM respectively.
· A subset of target code rates corresponding to the indicated modulation order is indicated by the 4-bit HARQ process number field.
Issue2: How to determine the UCI resource
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 includes two parts and the number of bits 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. As 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 of the resource determination equation is set to the number of bits for CSI part 1.

Proposal 2: For HARQ-ACK on PUSCH without UL-SCH, set 
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 to the number of bits for CSI part 1.
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.
For UCI resource determination, several options are provided in last meeting [1]:

· Option1: For CSI part 1, and CSI part 2 transmission on PUSCH without UL-SCH, the number of coded modulation symbols per layer for CSI part 1, and CSI part 2 transmission, denoted as
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, are determined as follows:
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  is the same RRC configured parameter as for UCI piggyback on PUSCH with UL-SCH;
-
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 is the number of bits for a reference of CSI part 2 assuming it is with rank1;

-
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 is the number of CRC bits for a reference of CSI part 2 assuming rank 1; 
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is less than or equal to 11 bits.

-
the rest notations follow what are defined in 38.212 for UCI piggyback on PUSCH with UL-SCH.
· Option2: For determination of the number of UCI RE(s) on PUSCH without UL-SCH, the following equations are used;
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· Option3: 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 as described above.
For option1 and option2, 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 PUSCH 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 option3, the signaled target coding rate using the HARQ process number field in DCI can 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 modulation order 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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Proposal 4: 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.
2.2 Overlapped PUCCH and PUSCH transmissions
In the case of multiplexing HARQ-ACK with uplink data on PUSCH, it was agreed that for overlapping of single slot PUCCH and single slot or multi-slot PUSCH, if the starting symbols of PUCCH and PUSCH are aligned in a slot, piggyback UCI on PUSCH in that slot and drop PUCCH transmission. The remaining issue is when a single slot PUCCH overlaps with either single slot or multi-slot PUSCH and the starting symbols are not aligned in a slot. The following options can be considered:
· Option 1: Drop PUSCH transmission in the overlapped slot
· Option 2: Drop the later transmission
· Option 3: If the starting symbol of PUCCH is earlier than PUSCH, piggyback UCI on PUSCH. Otherwise drop PUSCH transmission
· Option 4: Drop the transmission with lower priority
From the perspective of spectral efficiency, we prefer to use the combination of option3 and option4, i.e. if the starting symbol of PUCCH is earlier than PUSCH, piggyback UCI on PUSCH, otherwise drop the transmission with lower priority. If only HARQ-ACK is transmitted on PUCCH, since HARQ-ACK is considered as higher priority, the UE should drop PUSCH if the starting symbol of PUCCH is later than PUSCH. If only CSI is transmitted on PUCCH, since CSI on PUCCH is transmitted periodically, the UE should drop PUCCH as CSI can be multiplexed on PUSCH if the starting symbol of PUCCH is earlier than PUSCH. If both HARQ-ACK and CSI are transmitted on PUCCH and the starting symbol of PUCCH is later than PUSCH, UE should give up PUSCH transmission when it know there will be PUCCH and PUSCH conflict.
Another remaining issue is for multiple slot PUCCH overlap with single slot or multiple slot PUSCH, the same principle can be applied for this case. In an overlapping slot, if PUCCH and PUSCH have same starting symbol or if the starting symbol of PUCCH is earlier than PUSCH, piggyback UCI on PUSCH in that slot and drop PUCCH transmission. Otherwise, drop the transmission with lower priority.
Proposal 5: For PUCCH and PUSCH overlapping, the following principles can be used:
· In an overlapping slot, if PUCCH and PUSCH have same starting symbol or if the starting symbol of PUCCH is earlier than PUSCH, piggyback UCI on PUSCH in that slot 

· In an overlapping slot, if the starting symbol of PUCCH is later than PUSCH, UE should give up the transmission with lower priority when it knows there will be a PUCCH and PUSCH conflict
· PUCCH with HARQ-ACK has highest priority;

· PUCCH with CSI has lowest priority.
2.3 Collision of SR and PUSCH transmissions
In NR, multiple SRs could be configured for different LCHs. According to RAN2 specification [2], for all pending SR triggered prior to the MAC PDU assembly, it will be transmitted by BSR MAC CE. For all pending SR triggered after the MAC PDU assembly, if the PUCCH resource for the SR transmission occasion overlap with a UL-SCH resource, higher layers will not indicate to physical layer to transmit SR. Thus, it is still a pending SR and it can wait until the next SR transmission occasion or MAC PDU assembly.
From the above, we see that SR transmission is delayed if it is overlapped with UL-SCH resource. Then if the new UL data with higher priority arrives, such as URLLC traffic, there may be a large delay especially considering PUSCH repetition. This is not desirable considering that multiple SR configurations are supported. If reducing the SR delay is deemed beneficial, an LS should be sent to RAN2 to change the MAC procedure, as in the current MAC specification SR will not be triggered to physical layer if the SR occasion is overlapped with an on-going PUSCH transmission. Two options to then consider are either to support SR multiplexing on PUSCH or the UE drops the on-going PUSCH transmission to transmit the high priority SR.
Proposal 6: RAN1 discusses latency impact if SR collides with an ongoing PUSCH transmission.
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: Reuse the CSI request, NDI, RV,MCS and HARQ process fields in DCI to trigger CSI on PUSCH without UL-SCH data as follows, 
· The NDI bit is toggled compared to the previous transmission for the same HARQ process and the RV field is set to 0
· The modulation order is indicated by the IMCS 
· If the MCS table supports up to 64QAM and the UE does not support pi/2 BPSK, IMCS = {28, 29, 30} indicates QPSK, 16QAM and 64QAM respectively. Otherwise if the UE supports pi/2 BPSK, IMCS = {28, 29, 30, 31} indicates pi/2 BPSK, QPSK, 16QAM and 64QAM respectively. If the MCS table supports up to 256QAM, IMCS = {28, 29, 30, 31} indicates QPSK, 16QAM, 64QAM and 256QAM respectively.
· A subset of target code rates corresponding to the indicated modulation order is indicated by the 4-bit HARQ  process number field.
Proposal 2: For HARQ-ACK on PUSCH without UL-SCH, set 
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 to the number of bits for CSI part 1.
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 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.

Proposal 5: For PUCCH and PUSCH overlapping, the following principles can be used:

· In an overlapping slot, if PUCCH and PUSCH have same starting symbol or if the starting symbol of PUCCH is earlier than PUSCH, piggyback UCI on PUSCH in that slot 

· In an overlapping slot, if the starting symbol of PUCCH is later than PUSCH, UE should give up the transmission with lower priority when it knows there will be a PUCCH and PUSCH conflict

· PUCCH with HARQ-ACK has highest priority;

· PUCCH with CSI has lowest priority.

Proposal 6: RAN1 discusses latency impact if SR collides with an ongoing PUSCH transmission.
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