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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 Signaling 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 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. Here we analyze both mechanisms including their relative advantages and disadvantages.
· Option1: Introduce a 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. 
Secondly, and more importantly, RAN1 considered support of compact DCI for URLLC in Rel-15 with diverse opinions on how much gain could be obtained. It was shown in e.g. [2] and [3] that between 0.4 – 1dB gain could be obtained for target BLER of 10-4 – 10-5 but it was not seen as essential to introduce compact DCI when considering the benefit compared to the amount of time left in Rel-15 standardization. It is expected that further work on URLLC would continue in Rel-16 and some of the main use cases in TS 22.804 call for even more stringent target BLERs in the range of [10-6, 10-8]. For such challenging requirements, every bit in the DCI would need to be justified on its usefulness and 1 bit simply for distinguishing presence/absence of UL-SCH would be clearly wasteful. To avoid issues of backward compatibility it is preferable to consider an alternative mechanism from Rel-15 if no major drawback is found. 
· Option2: Reuse NDI/RV/MCS fields 
This option is to reuse the NDI, RV and MCS fields to trigger A-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 = {29, 30, 31} 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. An alternative to RV = 0 is to use RV = 1 where one motivation is that if NDI is toggled, RV = 1 is typically the fourth transmission of the same HARQ process and the probability of requiring a fourth transmission is very low. Moreover RV = 1 is not self-decodable and would not be used with new data transmission. 
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
	q
	reserved

	29
	2
	reserved

	30
	4
	reserved

	31
	6
	reserved


At the last meeting, several concerns were raised as to why Option 2 may have some limitations. We consider these concerns here.
· Concern 1: UE misses a DCI scheduling UL grant with HARQ Process ID = X. It is important to note that missing DCI error case works very differently in UL compared to DL. Consider the scenario shown in Figure 1, where the ideal scenario with no missing PDCCH at the UE is shown in Figure 1(a). For the error case in Figure 1(b) the UE misses a PDCCH scheduling PUSCH with UL-SCH data (IMCS < 28, NDI = 0) for a HARQ process ID = X. The gNB would determine PUSCH DTX and simply re-schedule the PUSCH with NDI = 0 and optionally the gNB may choose to request that A-CSI is multiplexed on PUSCH for this retransmission of the same TB. It was mentioned that one cannot guarantee gNB DTX performance because it may not be specified by RAN4. However, we should note the following:

· PUSCH DTX detection is required in Rel-14 LTE for UL SPS since UL skipping is enabled. The eNB should be able to determine whether or not the UE transmitted. The same is also true in NR for both Type1 and Type 2 UL transmission with grant. 
· It was agreed at the last meeting that confirmation of the activation/deactivation signalling for SP-CSI on PUSCH is not explicitly supported in the specs and is left to gNB implementation. This basically implies that the gNB may have to make use of PUSCH DTX to determine whether the UE received the SP-CSI activation/deactivation signaling. 
· PUSCH DTX detection would also be required as confirmation of an UL BWP switch.
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Figure 1Triggering of A-CSI-only PUSCH with (a) UE detects PDCCHs and (b) UE misses a PDCCH scheduling PUSCH
· Concern 2: Missing PDCCH in conjunction with UL pre-emption. This scenario is illustrated in Figure 2. In Step 1, PUSCH with UL-SCH and NDI = 0 is correctly decoded at the gNB for HARQ ID = X. In Step 2, UL DCI with NDI toggled for the same HARQ process is scheduled but the UE misses the PDCCH. Furthermore the gNB schedules an UL transmission from a second UE on part of the resources assigned to the first PUSCH. The gNB in this case is likely to request a retransmission as shown in Step 3 and the concern is that the gNB requests a retransmission of the TB with IMCS >= 28. The UE on the other hand missed the PDCCH so when it sees NDI toggled compared to the last received PDCCH with HARQ ID = X (Step 1) and IMCS >= 28 it assumes that this is an A-CSI-only PUSCH transmission. 

· This is a corner case that is unlikely to happen in practice but even considering that it could happen, the gNB has options at its disposal;

· It can reschedule the TB with IMCS < 28 so as to avoid ambiguity at the UE.

· By using RV = 0 to indicate A-CSI-only PUSCH, the gNB may then reschedule with e.g. RV = 2 to avoid ambiguity at the UE.
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Figure 2 Triggering of A-CSI-only PUSCH with missing PDCCH and UL pre-emption
.
It can be observed that there is no meaningful concern to triggering A-CSI-only PUSCH based on reusing existing fields in DCI format 0_1. Therefore we have the following proposal,

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.
A second issue with A-CSI-only triggering is whether the DCI indicates the coding rate for CSI part 1 or for non-existent UL-SCH should be considered. Based on the coding rate indication method, there can be two kinds of definition for beta-offset:
· Alt 1: DCI indicates a target coding rate for non-existent UL-SCH 
If MCS or HARQ process ID field in DCI indicates a target coding rate for non-existent UL-SCH, then for HARQ-ACK on PUSCH without UL-SCH, 
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· Alt 2: DCI indicates a target coding rate for CSI part 1
If MCS or HARQ process ID field in DCI indicates a target coding rate for CSI part 1, then for HARQ-ACK on PUSCH without UL-SCH, 
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; for CSI part 1 on PUSCH without UL-SCH, 
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and there is no need to add the beta-offset in the formula for CSI part 1 resource computation in this case.

Comparing the above two alternatives, alternative 1 maybe better, since beta-offset defined for CSI part 1 can be used for alternative 1. Then one coding rate indicated by DCI can correspond to different target coding rates by using different beta-offset values, and a larger range of coding rate for CSI part 1 can be achieved by using beta-offset values defined for CSI part 1. Hence, it is more preferred that alternative 1 is applied. 
Proposal 2: For a PDCCH scheduling PUSCH without UL-SCH data, the DCI indicates a target coding rate for UCI on PUSCH and the definition of beta-offset for resource determination is as follows:
· for HARQ-ACK on PUSCH without UL-SCH, 
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· for CSI part 1 on PUSCH without UL-SCH, 
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For UCI on PUSCH without UL-SCH data, so far there are no agreements on whether UCI can be mapped on multiple layers. This issue is discussed in a related contribution [4].
2.2 Overlapped PUCCH and PUSCH transmissions
A working assumption was agreed on handling of parallel transmissions for single slot PUCCH colliding single slot PUCCH or PUSCH with different starting symbols:
	Working assumption:

· When single-slot PUCCH overlaps with single-slot PUCCH or single-slot PUSCH in slot n for a PUCCH group,

· The UE multiplex all UCIs on either one PUCCH or one PUSCH, using the existing UCI multiplexing rule, if both following conditions are satisfied:

· If the first symbol of the earliest PUCCH(s)/PUSCH(s) among all the overlapping channels starts no earlier than symbol N1+X after the last symbol of PDSCH(s) 

· If the first symbol of the earliest PUCCH(s)/PUSCH(s) among all the overlapping channels starts no earlier than N2+Y after the last symbol of PDCCHs scheduling UL transmissions including HARQ-ACK and PUSCH (if applicable) for slot n

· If at least one pair of overlapping channels does not meet the above timeline requirements, UE consider it is an error case for all UL channels in the group of overlapping channels. UE behavior is not specified. 
· The definition of N1 and N2 follows the same definition in current NR spec. 

· X and Y are non-negative integer values.

· FFS on values of X and Y 

· FFS on timeline requirement for multiplexing UCIs on PUSCH with A-CSI. 

· FFS how to handle one PUCCH overlap with multiple PUSCHs which satisfy timeline requirement.

· FFS: how to handle HARQ-ACK for semi-static PDSCH.

· FFS multiplexing rule when AN PUCCH resource with F1 overlaps with SR PUCCH resource with F0.

· FFS: how to handle semi-statically configured PUCCH overlap with semi-statically configured PUCCH or PUSCH.

· Note: The above proposal does not override the dropping rules defined for ACK/SR colliding with A-CSI-only on PUSCH without UL-SCH, or ACK/SR colliding with SP-CSI on PUSCH without UL-SCH. 

· Note: Consider how to handle PUCCH colliding with other UL channels in NR Rel. 15 June drop when URLLC is taking into account.


For the case of single-slot PUCCH overlapping with single-slot PUCCH, the related issues are discussed in [5], and we discuss here the case of single-slot PUCCH overlapping with single-slot PUSCH. 
Issue 1: FFS how to handle one PUCCH overlap with multiple PUSCHs which satisfy timeline requirements.

For one PUCCH overlapping with multiple PUSCHs, there are different cases considering the timeline condition. The case of all the PUSCH cannot satisfy the timeline condition is not considered. 
· Case 1: All the PUSCHs overlapping with  PUCCH satisfy timeline requirements
When all the PUSCHs satisfy the timeline requirement, it is possible that UCI can be multiplexed on any one of the PUSCH. But from the perspective of UCI latency, it is preferred that UCI multiplexed onto the first scheduled PUSCH overlapped with PUCCH. 

· Case 2: Not all of the PUSCH overlapping with  PUCCH satisfy timeline requirement
 For one PUCCH overlap with multiple PUSCHs, it is possible that not all the PUSCH can satisfy timeline requirement. 
· Case 2-1: As shown in Figure 3(a), only the first scheduled PUSCH1 satisfied the timeline requirement, the second scheduled PUSCH2 does not satisfy the timeline requirement since the DCI2 is very close to the starting symbol of PUCCH and the second timeline condition cannot be fulfilled. 
· Case 2-2: As shown in Figure 3(b), only the second scheduled PUSCH2 satisfied the timeline requirement, the first scheduled PUSCH1 does not satisfy the timeline requirement since the timing between the first symbol of PUSCH1 and the last symbol of corresponding DCI1 is smaller than N2+Y.
For case 2-1, UCI can be multiplexed on the first scheduled PUSCH overlapped with PUCCH. However, when UE misses the DCI1, there is an error case that UE may not know which channel should be dropped. For case 2-2 The UE can map UCI on the second scheduled PUSCH, similar as case 2-1, there is an error case that UE may not know which channel should be dropped when UE misses DCI2. 

Hence, it is suggested that UE behavior is defined only when all the PUSCHs overlapping with  PUCCH satisfy the timeline requirements. Otherwise, the UE behavior is not defined if some or all of the PUSCHs do not satisfy the timeline requirements. Furthermore, it is proposed that UCI is multiplexed onto the first scheduled PUSCH overlapping with PUCCH to reduce the UCI latency.
Proposal 3: For one PUCCH overlapping with multiple PUSCHs which satisfy the timeline requirements, UCI should be multiplexed onto the first scheduled PUSCH. UE behavior is not defined if some or all of the PUSCHs do not satisfy the timeline requirements.
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Figure 3 Illustration of a scenario where only some of the PUSCH transmission would satisfy the timeline requirements
Issue 2: FFS how to handle HARQ-ACK for configured PDSCH.
If HARQ-ACK corresponding to a configured PDSCH (e.g. DL SPS) overlaps with a dynamically scheduled PUSCH the WA can still be applied. When the first symbol of the earliest UL channel satisfies both timeline conditions, the HARQ-ACK can be transmitted on the PUSCH.

If HARQ-ACK corresponding to a configured PDSCH overlaps with a configured PUSCH (e.g. grant-free PUSCH), the second timeline condition cannot be applied since there is no PDCCH corresponding to the PUSCH. Actually, the gNB can avoid such overlapping by configuration. 
Issue 3: how to handle semi-statically configured PUCCH overlapping with semi-statically configured PUCCH or PUSCH.
For semi-statically configured PUCCH overlapping with semi-statically configured PUCCH or PUSCH,  the two timeline conditions cannot be applied since there is no reference PDCCH or PDSCH. This situation can be avoided by gNB not configuring such overlapping. 
Proposal 4: A UE is not expected to be configured with overlapping between semi-statically configured PUCCH and semi-statically configured PUCCH or PUSCH with different starting symbols.

Proposal 5: The working assumption for single-slot PUCCH and single-slot PUCCH/PUSCH overlapping can be confirmed with the condition that it only applied to different starting symbols cases.

2.3 Special cases where UCI cannot be multiplexed on PUSCH
It was agreed that DMRS and UL-SCH data can be FDM for CP-OFDM waveform, but UCI cannot be FDM with DMRS. Hence, there are some special cases that UCI cannot be transmitted. 
Special case A: When there is only one symbol used for PUSCH or there are two symbols used for PUSCH with frequency hopping, there are no resources for UCI transmission on PUSCH. Therefore, even if PUSCH and PUCCH have same starting symbol, UCI cannot be multiplexed on PUSCH.
Special case B: In case of PUSCH mapping type A and 4 symbols are allocated to PUSCH, if higher-layer parameter dmrs-TypeA-Position is 3, or higher-layer parameter dmrs-TypeA-Position is 2 and 2-symbol DM-RS is used, there are no resources for HARQ-ACK because HARQ-ACK can only be mapped after the first set of consecutive OFDM symbol(s) carrying DMRS. As shown in Figure 4, the number of symbols after the first set of consecutive OFDM symbol(s) carrying DMRS is 0, HARQ-ACK cannot be multiplexed on PUSCH in these cases.
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Figure 4 Illustration of a scenario where HARQ-ACK is not multiplexed on PUSCH
If UCI and DMRS FDM is not considered for the special cases, which channel is dropped should be defined to avoid the misalignment between gNB and UE. The following options can be considered:
· Option 1: drop PUSCH;

· Option 2: drop PUCCH;

· Option 3: if UCI includes A/N or SR, drop PUSCH, otherwise drop UCI;

Generally, gNB should try to time multiplex PUCCH and PUSCH. But if they are colliding, dropping rule should be defined in this case and option 3, which considers the UCI type, can have the best performance. Hence, it is proposed that for the special cases, if UCI on PUCCH include A/N or SR, drop PUSCH, otherwise drop UCI.
Proposal 6: In case PUCCH overlapped with 1-symbol PUSCH or 2-symbol PUSCH with frequency hopping, or HARQ-ACK on PUCCH overlapped with 4-symbols PUSCH with DMRS on the last symbol, drop PUSCH if UCI on PUCCH include A/N or SR, otherwise drop UCI.
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 a PDCCH scheduling PUSCH without UL-SCH data, the DCI indicates a target coding rate for UCI on PUSCH and the definition of beta-offset for resource determination is as follows:

· for HARQ-ACK on PUSCH without UL-SCH, 
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Proposal 3: For one PUCCH overlapping with multiple PUSCHs which satisfy the timeline requirements, UCI should be multiplexed onto the first scheduled PUSCH. UE behavior is not defined if some or all of the PUSCHs do not satisfy the timeline requirements.
Proposal 4: A UE is not expected to be configured with overlapping between semi-statically configured PUCCH and semi-statically configured PUCCH or PUSCH with different starting symbols.

Proposal 5: The working assumption for single-slot PUCCH and single-slot PUCCH/PUSCH overlapping can be confirmed with the condition that it only applied to different starting symbols cases.

Proposal 6: In case PUCCH overlapped with 1-symbol PUSCH or 2-symbol PUSCH with frequency hopping, or HARQ-ACK on PUCCH overlapped with 4-symbols PUSCH with DMRS on the last symbol, drop PUSCH if UCI on PUCCH include A/N or SR, otherwise drop UCI.
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