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Introduction
RAN1 was unable to reach consensus on how to support UCI multiplexing for the TB Processing over Multi-Slot PUSCH (TBoMS) feature within the Rel-17 NR coverage enhancement work.  Given the importance of UCI multiplexing to layer 1 operation and because the work item is to close in RAN#94, it is expected that this issue will need to be discussed at the RAN level.  This contribution provides our understanding of the status of the discussions, considers the alternatives, provides results on their performance, and makes recommendations for a way forward.
Discussion
UCI multiplexing options for TBoMS
In RAN1#107, the following proposal was made to resolve the impasse on UCI multiplexing for TBoMS:
	FL’s proposal 12-v4 (supported by 11 companies)
For the determination of the index of the starting coded bit in a transmitted slot for TBoMS:
· For the first TBoMS repetition:
· For the first allocated slot for the first TBoMS repetition, the index of the starting coded bit  is determined based on the applied redundancy version.
· [bookmark: _Hlk88661740]For the second allocated slot for the first TBoMS repetition, Option B is used [, where the index of the starting coded bit for the second slot of the first TBoMS repetition is given by where (Note from FL: only one or none of the following two sub-option is downselected)
·  
or
· , where  is a higher layer parameter (can reuse existing RRC parameter  in PUSCH-Config)]
· For the -th slot allocated for the first TBoMS repetition, with , Option C is used.
· For all other TBoMS repetitions, if any:
· For the first allocated slot for all other TBoMS repetitions, the index of the starting coded bit is determined based on the applied redundancy version.
· For the -th slot allocated for all other TBoMS repetitions, with , Option C is used.
[Where Option B and Option C are as follows:
· Option B: for each transmitted slot for TBoMS, the index of the starting coded bit in the circular buffer is the index continuous from the position of the last bit selected in the previous allocated slot
· Option C: for each transmitted slot for TBoMS, the index of the starting coded bit in the circular buffer is the index continuous from the position of the last bit selected in the previous allocated slot, regardless of whether UCI multiplexing occurred in the previous allocated slot or not.
Note: the following definition based on existing logics in TS 38.212 are used in the text above:
·  is the modulation order
·  is the number of REs available in the (k-1)-th slot for transmission and is given by , where
· is the scheduled bandwidth of the TBOMS transmission, expressed as a number of subcarriers.  
·  is the number of symbols allocated per slot of TBOMS as per the indicated/configured row of TDRA table.
· , , and  are the number of coded modulation symbols for ACK and CSI payloads in the first slot and follow the definitions in Section 6.3.2.4 of TS 38.212, with  if .]

Backup FL’s proposal (supported by 16 companies)
For the bit selection for each transmitted slot for TBoMS, the index of the starting coded bit in the circular buffer is the index continuous from the position of the last bit selected in the previous allocated slot, regardless of whether UCI multiplexing occurred in the previous allocated slot or not.



[bookmark: _Hlk61866012]It is first worth considering the proposals at the high level and providing some background.  NR Rel-15/16 UCI multiplexing on PUSCH can be performed by mapping PUSCH around the UCI bits or puncturing PUSCH by HARQ-ACK which is less than or equal to 2 bits. The debate above focuses on the cases where UCI can be multiplexed.  
We illustrate the differences in the bit selection among the options in the Figure 1 below. For concreteness, we consider where UCI may be present in the first slot of a 4 slot TBoMS. As can be seen, Option C drops bits at the end of the first slot, and the bit selection in the remainder of the TBoMS is unaffected. Option B drops bits at the end of the TBoMS, and shifts the starting points of the slots starting with the second slot through the end of the TBoMS.  Note that in Option B, the bits at the end of the TBoMS are dropped to make room for the UCI, just as is needed by the other options. In hybrid Option B-C, the dropped bits are in the second slot.  Where the bits are dropped from the circular buffer affects performance, for example because lost systematic bits affect performance more than lost parity bits.  Also, shifts in starting bits need to be known to both the gNB and UE in order to have correct encoding and decoding, respectively.  Shifting the starting bits may also add complexity to the UE, since preparation times can be affected.  These issues of performance, error propagation, and complexity will be discussed in more detail below. 
[image: 图片包含 图示

描述已自动生成]
Figure 1: indexes of coded bits in each slot
[bookmark: _Hlk88658232]There are actually two ways to do the hybrid B-C according to the proposal 12-v4 above, one using option B, and another with a modified calculation for the starting bit offset for the second slot: . If , where , the two sub-options are the same. But  is a higher layer parameter, while  is a dynamic factor. When , this will lead to overlapping coded bits between the second slot and its adjacent slot and less coded bits will actually be transmitted. This sub-option with the alpha factor was not simulated and discussed at the level of the other options, and in our view has unclear performance gains.  We therefore think that only the hybrid B-C version using the original version of option B should be considered going forward.

Options B, C, and B-C 
· drop the same number of coded bits, but differ in how early in the circular buffer they are dropped.
· This affects performance, since systematic bits are early in the circular buffer
· differ in if later slots are affected by UCI or earlier slots
· This has error propagation and implementation impacts, as will be discussed further

[bookmark: OLE_LINK10]Option B and Option C behave differently according to whether the presence of UCI in TBoMS is indicated prior to or after the start of the TBoMS transmission. As illustrated in Figure 2, for example, a single TBoMS is transmitted in four UL slots, slot 3, slot 4, slot 8 and slot 9. The UE receives a DCI scheduling PDSCH in slot 0, prior to the start of the transmission of TBoMS, that schedules UCI transmission in slot 3. Another PDSCH is scheduled in slot 5 after the start of the TBoMS transmission. 


Figure 2: UCI multiplexing over TBoMS
If the information of UCI is received prior to the start of the TBoMS transmission, misdetecting the PDCCH may cause different behaviors of the two options. For option C, coded bits that would have been punctured by the UCI are transmitted in the slot for which the PDCCH was not detected, and the slots not carrying UCI are unaffected.  For option B, the starting bits in later slots are shifted according to the presence of the UCI in a slot, so if a PDCCH is missed, then all following slots could have starting bits earlier than expected by the gNB, resulting in an entire TBoMS being lost.  It is possible to mitigate this error propagation using the downlink assignment index field in DCI, but the DAI may not always be used (i.e. it is only used if dynamic harq-ack codebooks are configured).  
Option B requires the UE to adjust its bit selection ‘on the fly’ according to whether UCI is in a given slot, and so is more complex than Option C which can determine the starting bits once at the time of scheduling.  However, normal slot-by-slot scheduling requires many more parameters than the starting bit to be determined for each slot.  Therefore, the main concerns ultimately are compatibility of the UCI multiplexing schemes with each UE manufacturer’s implementation.  In cases where there are large performance differences, there is more justification to change implementations in order to support TBoMS, whereas the cases we consider here seem to have relatively small performance differences.
Hybrid option B-C uses option B for the first two slots, multiplexing UCI in the first slot, and adjusting the starting bit of the second slot accordingly.  Slots after the second use option C.  This compromise approach avoids the losses from puncturing systematic bits with UCI in Option C, and also avoids the error propagation in later slots that could occur in Option B.  As can be seen in section 2.2, the link level performance seems to fall between that of Options B and C.  The mix of bit selection methods is clearly more complicated than Option C.  It could also be more complicated than Option B, since it mixes both options B and C.
[bookmark: OLE_LINK5]
· Option B 
· Transmits both UCI and the most PUSCH systematic bits, avoiding losses from puncturing UCI
· May cause error states where gNB and UE assume different starting bits for slots of a TBoMS
· Such error propagation can be mitigated through the use of the downlink assignment index field in DCI, but DAI may not be always used.
· Losses from such error propagation are conditioned on both the UCI being present and the UE missing a PDCCH.
· Complicates UE implementation compared to Option C, but the perception of complexity may be driven by similar performance of Options B and C
· Option C
· Punctures the most PUSCH systematic bits with UCI bits, but tends to have similar performance to Option B for scenarios where TBoMS is expected to be used.
· Calculates starting bits for each slot prior to TBoMS transmission, avoiding error states
· Diverges from Rel-15/16 bit selection with UCI, although TBoMS itself does this
· Hybrid Option B-C
· Avoids puncturing losses in the first slot of a TBoMS, which is arguably the most important slot for performance
· Avoids error propagation by using Option C in slots after the second slot
· Has link performance between that of Option B and C
· Is more complex than at least Option C
[bookmark: _Ref88577584]Performance of UCI multiplexing options
In this section, we compare the performance of Option B and Option C for bit selection as discussed in section 2.1 in the case of UCI multiplexing on a single TBoMS. 
[bookmark: _Hlk83977983]Figure 3 below shows the results for Options B, C, and the hybrid B-C compromise proposal vs. a baseline without UCI multiplexing. An 11 bit CSI payload is multiplexed into a low data rate PUSCH configuration for FDD with MCS=4, a TBS size of 704 and a peak throughput of 176 kbps in a single TBoMS. After UCI channel coding, there are 446 UCI coded bits which occupy 223 REs in the first slot. The total number of REs excluding DMRS in the first slot is 288, and so 77% (223/288) REs are occupied by UCI, which implies that 77% UL-SCH coded bits in first slot are impacted. Detailed simulation parameters are in the Appendix.
Note that a high  is used in Figure 3 in order to align with results from other companies, and that this  value is much higher than needed to reach even conservative BLER targets of 1% for UCI.  Also, it should be observed that we simulate the worst case, where UCI occupies more REs in the first slot.  Overall, these results allow us to explore differences in performance under more extreme conditions.
From the figure, we first observe that the largest degradation is from the use of UCI multiplexing.  About 1.2 dB is lost compared to where UCI is multiplexed in Option B.  When UCI is punctured into the coded bits in the first slot in Option C, we observe the worst performance: about 0.6 dB, as compared to Option B.  When the hybrid B-C proposal is used, the performance is in the middle of Options B and C, about 0.3 dB worse than Option B.  This reduced performance compared to Option B is due to a reduced number of systematic bits as compared to Option B.

There is not a dramatic difference in performance between any of the UCI multiplexing options for TBoMS
· The largest impact is due to the presence of UCI
· Differences are on the order of 0.5 dB or less even under relatively extreme configurations
· Incrementally better BLER performance must be traded off vs. error propagation concerns
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Figure 3: Option B, C, and Hybrid B-C (’12-v2’) UCI multiplexing on TBoMS for low data rate

Further results on the performance of these multiplexing options are given in the Appendix.
General observations and way forward
That this deep-dive technical issue was unable to be resolved in a working group and is now discussed at the plenary level should be addressed.  In our view, this situation would not occur at a face to face meeting, where it would be possible to speak directly and to better understand each other’s views and needs.  Moreover, the electronic format can obscure even the majority view since a few companies speaking on a GTW can hide the many other companies’ reactions that would normally be seen in a meeting room.
While emeeting logistics contributed to the problem, in our view companies could have improved the level of technical discussion.  As best we can tell, the views became entrenched into two camps, with the Option B camp wishing to maximize link performance and Rel-15/16 backward compatibility, while the Option C camp wanted to maximize robustness to error propagation and to simplify UCI multiplexing in TBoMS use cases. The hybrid option B-C proposal attempted to solve this, at least partially addressing the performance vs. robustness concerns, but RAN1 could not reach consensus to support it either.  Our view is that it is difficult to analyze the complexity or implementation tradeoffs and performance impacts of new proposals arising at a meeting, and this can be greatly exacerbated when there are a limited number of performance results in the first place.  We further observe that when alternatives are simulated, this naturally leads to better understanding of implementation and robustness issues.  Our overall assessment then for this difficult situation is that a greater focus on quantitative comparison would have led to companies more able to be flexible and to select options to move forward.  If other companies share this assessment, then it may be useful to highlight this in guidance to RAN1.

· E-meeting logistics contributed to, but were not solely responsible for, the lack of agreement on UCI multiplexing
· Increased focus on quantitative comparisons may have helped companies to better understand implementation risks and be more able to compromise
Regarding the current status of support for UCI multiplexing in TBoMS, it is clearly incomplete.  While there are no explicit agreements to support up to 2 bit UCI on TBoMS PUSCH via puncturing, companies have not expressed concerns with this, and in our view it can be supported using Rel-15/16 mechanisms.  Regardless of if 2 bit UCI is supported in TBoMS or not, in our view the TBoMS feature is sufficiently near completion that remaining open issues for UCI can be treated in the maintenance phase.

· Support for > 2 bit UCI multiplexing in TBoMS is incomplete
· While there is no explicit agreement, consensus is expected for up to 2 bit UCI punctured into TBoMS
· Regardless of whether 2 bit UCI is supported in TBoMS or not, TBoMS work in RAN1 can be closed and UCI multiplexing issues can be treated in the maintenance phase.
Proposals:
· Up to 2 bit UCI multiplexing in TBoMS PUSCH is supported using Rel-15/16 mechanisms.
· If RAN decides to refer the UCI multiplexing issue back to RAN1 (our first preference)
· RAN1 is tasked to complete their work on UCI multiplexing for TBoMs in the maintenance phase, with increased focus on quantitative comparisons.
· If RAN decides to conclude on the UCI multiplexing issue 
· Either option C is specified (our first preference) or hybrid option B-C with Option B used for the second slot is specified (our second preference)
Summary
This contribution has provided our understanding of the cause of RAN1’s inability to converge on UCI multiplexing for TBoMS, considered the alternatives and their relative performance, and made recommendations for a way forward.  Our expectation is that up to 2 bit UCI multiplexing in TBoMS could be supported with little or no additional work in RAN1, and that the difficulty is only for larger payloads.  In our view the difficulties for agreement on UCI payloads larger than 2 bits arose in part from the limited communication possible in an e-meeting, but also a lack of focus on performance that could better quantify risks of implementation compatibility and complexity vs. potential link gains.  We therefore make the following proposals:
Proposals:
· Up to 2 bit UCI multiplexing in TBoMS PUSCH is supported using Rel-15/16 mechanisms.
· If RAN decides to refer the UCI multiplexing issue back to RAN1 (our first preference)
· RAN1 is tasked to complete their work on UCI multiplexing for TBoMs in the maintenance phase, with increased focus on quantitative comparisons.
· If RAN decides to conclude on the UCI multiplexing issue 
· Either option C is specified (our first preference) or hybrid option B-C with Option B used for the second slot is specified (our second preference)
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[bookmark: _Ref47688562][bookmark: _Ref47620963]Additional results on TBoMS UCI multiplexing 
In this section, we compare the performance of Option B and Option C for UCI multiplexing on a TBoMS with N=4 slots, for VoIP and low code rate services. We consider 11-bit CSI, and UCI is multiplexed in the first slot of the TBoMS. Different values of  are selected for different MCS indexes to satisfy  10% PUSCH and 1% UCI iBLER requirements at the same SNR.  Detailed simulation parameters are in the Appendix, and further discussion can be found in [1].
When MCS=1, the TB size is 352, and peak throughput is 88 kbps to simulate VoIP service. After UCI channel coding, there are 264 UCI coded bits. The indexes of transmitted PUSCH coded bits for the options are listed in Table 1. 
[bookmark: _Ref89009644]Table 1: indexes of transmitted coded bits for different options
	
	Option B
	Option C
	No UCI multiplexing

	Slot 1
	C1-C312
	C1-C312
	C1-C576

	Slot 2
	C313-C888
	C577-C1152
	C577-C1152

	Slot 3
	C889-C1464
	C1153-C1728
	C1153-C1728

	Slot 4
	C1464-C2039
	C1729-C2304
	C1729-C2304


As shown in Figure 1 below, Option B has a small performance gain (a couple of tenths dB) over Option C.
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[bookmark: _Ref89009340]Figure 1: Option B vs. Option C of UCI multiplexing on TBoMS for VoIP service

When MCS=4, the TBS size is 704 and peak throughput is 176 kbps to simulate low data rate in FDD. After UCI channel coding, there are 110 UCI coded bits. As shown in Figure 2, Option B and Option C have the same performance. The reason is that only a relatively smaller part of systematic bits is impacted by UCI coded bits compared with MCS=1. 
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[bookmark: _Ref89009471]Figure 2: Option B vs. Option C of UCI multiplexing on TBoMS for low data rate

· Option B and Option C have nearly the same performance when 11-bit UCI is multiplexed in the first slot for a single TBoMS with N=4.

Performance of UCI multiplexing on TBoMS with repetitions
[bookmark: _Hlk87623701]In this section, we compare the performance of UCI multiplexing on TBoMS with repetitions. 4-UL slot single TBoMS with 4 repetitions is configured. The RV sequence is {0,2,3,1}. UCI is multiplexed in the first slot of first repetition. The Option B and Option C only impact the transmitted coded bits in the first repetition. A higher  than for Figure 1 and Figure 2 is selected in order to align with results from other companies.  Note that these higher   values are much higher than needed to reach even conservative BLER targets of 1% for UCI.  Also, note that we simulate the worst case that UCI occupied larger REs in the first slot of first repetition. With MCS=4 and N=4, the TBS is 704. After UCI channel coding, there are 446 coded bits which occupy 223 REs in the first slot. The total number of REs excluding DMRS in the first slot is 288, and so 77% (223/288) REs are occupied by UCI, which implies that 77% UL-SCH coded bits in first slot are impacted. 
Figure 3 shows Option B and C have nearly the same performance when most of REs are occupied by UCI in the first slot. When repetition is needed according to the channel conditions, it can compensate the performance impact that is caused by dropping systematic bits in the first slot in Option C.      
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[bookmark: _Ref89009521][bookmark: _Hlk87628761]Figure 3: Option B vs. Option C of UCI multiplexing on TBoMS with repetitions

· Option B and Option C have nearly the same performance when 11-bit UCI is multiplexed in the first slot of a first repetition, even with very high  values for TBoMS with N=M=4. 
Appendix: Simulation Assumptions
Table 2: Basic setup for TBoMS
	[bookmark: _Hlk83805646]System
	· Carrier frequency 700MHz
· 15 kHz SCS
· FDD
· Waveform: DFT-s-OFDM

	UE speed
	· 3 km/h

	MCS table
	· Table 1 for PUSCH with transform precoding (q=2)

	DMRS configuration
	· Type 1, 2 DMRS symbols

	PUSCH duration
	· 14 symbols

	PRB num
	· 2 PRBs in one slot

	Channel
	· TDL-C (NLoS), 300ns delay spread, medium correlation

	Antennas
	· 1T2R for FDD

	Function
	· Disable HARQ and Link adaptation

	UCI bits
	· 11 bits CSI only (i.e. without HARQ-ACK or SR)
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