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[bookmark: _Ref67694016][bookmark: _Toc67700556]Introduction
[bookmark: _Hlk510705081]In RAN #94e a new work item description was approved on further NR coverage enhancements [1]. Three main objectives characterize the work item:
	The detailed objectives of the work item are as follows:
· Specify following PRACH coverage enhancements (RAN1, RAN2)
· Multiple PRACH transmissions with same beams for 4-step RACH procedure
· Study, and if justified, specify PRACH transmissions with different beams for 4-step RACH procedure
· Note 1: The enhancements of PRACH are targeting for FR2, and can also apply to FR1 when applicable.
· Note 2: The enhancements of PRACH are targeting short PRACH formats, and can also apply to other formats when applicable.
·  Study and if necessary, specify following power domain enhancements
· Enhancements to realize increasing UE power high limit for CA and DC based on Rel-17 RAN4 work on “Increasing UE power high limit for CA and DC”, in compliance with relevant regulations (RAN4, RAN1)
· Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)
·  Specify enhancements to support dynamic switching between DFT-S-OFDM and CP-OFDM (RAN1)



This contribution focuses on the last objective of the work item, i.e., dynamic switching between DFT-s-OFDM and CP-OFDM. Section 2.1 provides the follow-up on the discussions in RAN1#110b-es concerning the applicability of waveform switching indication to different PUSCH types and DCI formats. Section 2.2 discusses pros and cons concerned solutions for waveform switching indication (both implicit and explicit) provided during RAN1#110-e-bis meeting. Moreover, general observation on the design of the feature and detailed discussions on waveform switching solutions is discussed in this section. Section 2-3 discusses the potential enhancements for assisting the scheduler in determining waveform switching. Section 3 concludes the document by highlighting key proposals and observations.
[bookmark: _Toc67700557]Discussion
In RAN1#110-e-bis, the following Working Assumption was made on the dynamic waveform indication in Rel-18.
	Working Assumption
Support at least one of the following options for the dynamic waveform indication in R18:
Alt 1: Indication from an UL scheduling DCI
· Alt 1-A: New field in scheduling DCI
· Alt 1-B: Reuse existing field in scheduling DCI
· Alt 1-B-1: Explicit indication by repurposing field, e.g.
· Add one column to TDRA table
· Add one column to MCS table(s)
· Other solutions not precluded
· Alt 1-B-2: Implicit determination from condition(s) on scheduling information, e.g.
· RA type, MSB of RA
· Number of RBs (below threshold or multiple of 2,3,5)
· Location of RB allocation within carrier and the associated MPR
· MCS below threshold
· Number of PUSCH repetitions (or whether PUSCH repetition is used) and/or TBoMS
· Number of DMRS CDM group(s) without data
· Precoding information and number of layers
· SRI
· Condition over multiple types of scheduling information
· Other types of scheduling information not precluded
· Indicated waveform applies at least to the scheduled PUSCH transmission
· FFS: Whether it also applies to subsequent transmissions, and of which type
· FFS: DCI formats can contain the indication 
· FFS: Indication applies only if condition(s) are satisfied (e.g. PDCCH occasion, /RNTI, /Search space of the scheduling DCI, latest PHR reported by the UE, etc.)
Alt 2: Indication from a non-UL scheduling DCI
· FFS: DCI formats that can provide the indication (e.g. Downlink DCI, UE-group common DCI)
FFS: Types of subsequent transmissions to which indication is applicable



In the following, we discuss different open aspects in this WA taking into account the agreements made in RAN1#110b-e and provide our view on the potential solutions.  
Applicability of waveform switching indication
[bookmark: _Ref118601697]Applicability to the subsequent PUSCH transmissions
The most important design aspect that RAN1 should consider is to agree on whether a dynamic waveform switching (DWS) indication is applied only on the scheduled PUSCH or it is also applied on the subsequent PUSCHs. In other words, RAN1 should firstly down select the following two approaches before further discussing on the other design aspects/solutions:
· Approach 1: UE applies the indicated waveform for all subsequent PUSCH transmissions after receiving the (implicit or explicit) DWS indication.
· Approach 2: UE applies the indicated waveform for only the scheduled PUSCH transmission(s) scheduled by the DCI that convey the (implicit or explicit) DWS indication.
Importance of making early decision on this aspect
It is important to down select between the two approaches because the outcome has strong impact on the following discussions:
· Whether non-UL DCI (including DL DCI and group common DCI) can be used for DWS indication?
· Whether fallback DCI can be used for DWS indication?
· Whether the DWS indication is applicable to CG PUSCH?
For non-UL DCI, it is straightforward that if the indication is not applicable for the subsequent PUSCH transmissions then non-UL DCI cannot be used for DWS indication. In contrast, if the indication is applicable for the subsequent PUSCH transmissions then non-UL DCI can be used for DWS indication, which enables several advantages as discussed in Section 2.1.3.1.
For fallback DCI, it was observed by some companies during RAN1#110b-e meeting that fallback DCI does not support PUSCH repetitions (except for Msg3 PUSCH) and therefore it is less relevant to use fallback DCI for waveform indication since, in coverage shortage, one may prefer using repetition first before thinking about waveform switching. However, it is worth noting that it may be sufficient to use low MCS and DFT-s-OFDM for enhancing the coverage of PUSCH transmission scheduled by the fallback DCI without the need for PUSCH repetition. In this case, DWS indication using fallback DCI has advantage. Moreover, if the indication is applicable for the subsequent PUSCH transmissions, network can also use fallback DCI for indicating waveform switching for the sub-sequent PUSCH transmissions (e.g., for CG PUSCH), which can be considered as an additional reason for considering fallback DCI. Further views on fallback DCI are provided in Section 2.1.3.2.
For CG-PUSCH, the discussion on whether DWS indication is applicable to subsequent PUSCH transmissions has a direct relationship on whether DWS is applicable for CG PUSCH. There was a discussion during RAN1#110b-e meeting on whether it is feasible to immediately switch the waveform for back-to-back PUSCH transmissions (i.e., whether a minimum switching time is needed). The main motivation was to check the feasibility of the second approach (i.e., the indication is not applicable for the subsequent PUSCH transmissions) in the scenario wherein the DG and CG PUSCH transmissions are back-to-back. Although the majority view is that immediate switching of the waveform is feasible for implementation, it does not justify why the first approach should not be considered since: 1) it does not prove that the first approach is infeasible and 2) it does not disprove the advantages brought by the first approach. The advantages of also considering DWS for CG-PUSCH are discussed in Section 2.1.2.1.
[bookmark: _Toc118725915]Observation 1. The decision on whether DWS indication is applicable to subsequent PUSCH transmissions or not has strong impact on the following discussions:
· Whether non-UL DCI (including DL DCI and group common DCI) can be used for DWS indication?
· Whether fallback DCI can be used for DWS indication?
· Whether the DWS indication is applicable to CG PUSCH?
[bookmark: _Toc118725940]Proposal 1. RAN1 to prioritize the discussion on whether DWS indication is applicable to subsequent PUSCH transmissions.
Reasons for applying DWS indication to subsequent PUSCH transmissions
If DWS indication is applicable to subsequent PUSCH transmissions, network does not need to indicate waveform for each PUSCH transmission but can indicate the waveform switching only once and the new waveform is applied for all subsequent PUSCH transmissions, similar to RRC reconfiguration. In contrast, if DWS indication is not applicable to subsequent PUSCH transmissions, network needs to indicate waveform for each PUSCH transmission.
It was discussed during RAN1#110b-e meeting on whether there is a need for frequent back-to-back switching of waveform. The majority view was that there is no need since there is no practical justification for such behaviour [2]. Following the majority view, there is no need for the DWS indication for each PUSCH transmission.
[bookmark: _Toc118725916]Observation 2. In RAN1#110b-e meeting, the majority view was that frequent back-to-back switching of waveform is not needed since there is no practical justification for such behaviour. This implies that there is no need for the DWS indication for each PUSCH transmission.
Given that there is no motivation for DWS indication for each PUSCH transmission, then one can avoid repeating the same DCI overhead and scheduling restrictions on each PUSCH scheduling. Indeed, DCI overhead does not only come from additional bit in DCI (if the solution is adopted) but also come from the fact that many unused fields may always be added for DCI size alignment (note that the majority view in RAN1#110b-e meeting is to align DCI size to the highest payload). On the other hand, implicit indication imposes scheduling restrictions, which should always be considered for each scheduled PUSCH transmission, if DWS indication is applied for each PUSCH transmission. In contrast, if the indication is applicable for the subsequent PUSCH transmissions, only some scheduling DCI and scheduled PUSCH transmission are impacted by the overhead and scheduling restrictions. Example of realizing this is given in Figure 1 in Section 2.2.
[bookmark: _Toc118725917]Observation 3. Given that there is no motivation for DWS indication for each PUSCH transmission, RAN1 can avoid constant DCI overhead and scheduling restrictions on each PUSCH scheduling.
In addition, it is worth noting that the WID mentioned “Specify enhancements to support dynamic switching between DFT-S-OFDM and CP-OFDM” but NOT “dynamic indication”. Indeed, “dynamic switching” means that the UE switches its waveform and that will be applied for all subsequent PUSCH transmissions, similar to RRC reconfiguration of waveform. In contrast, “dynamic indication” means that UE needs to receive waveform indication for each DG PUSCH.
[bookmark: _Toc118725918]Observation 4. The WID mentioned “dynamic switching between DFT-S-OFDM and CP-OFDM” but not “dynamic indication”. This means that the UE switches its waveform, and the new waveform will be applied for all subsequent PUSCH transmissions
[bookmark: _Toc118273128][bookmark: _Toc118725941]Proposal 2. Dynamic waveform switching indication should be applied to all subsequent PUSCH transmissions. 
Applicable PUSCH types
In RAN1#110-e-bis, potential applicability of dynamic waveform switching (DWS) indication for different types of uplink transmissions were discussed, and the following agreement was made: 

	Agreement
Dynamic waveform switching enhancement in R18 is only applicable to PUSCH channel.



However, this agreement does not provide specific details on which type(s) of PUSCH is/are applicable for the DWS enhancement. In general, PUSCH can be grouped into the following PUSCH types: 
· PUSCH scheduled by dynamic grant (DG PUSCH)
· PUSCH scheduled by configured grant (CG PUSCH) type 1/2
· PUSCH scheduled by RAR (Msg3 PUSCH)
For DG PUSCH, the following agreement was made in RAN1#110-e-bis:

	Agreement
Dynamic waveform switching enhancement in R18 is applicable to PUSCH scheduled by DCI format 0_1 or 0_2 in PDCCH with CRC scrambled with C-RNTI, MCS-C-RNTI, or CS-RNTI with NDI=1.
· Note: The above does not imply that dynamic switching enhancement in R18 is applicable or not applicable to other cases of PUSCH (e.g. PUSCH transmission with a Type 1 or Type 2 configured grant, PUSCH scheduled by DCI format 0_0).



It can be observed from the above agreement that DWS is applicable for DG PUSCH (at least for DG PUSCH scheduled by DCI format 0_1 and 0_2). Therefore, the open question is whether DWS is also applicable to CG PUSCH and Msg3 PUSCH, which will be discussed in this section. Note that whether DWS is also applicable for DG PUSCH scheduled by DCI format 0_0 (fallback DCI) or not will be discussed in Section 2.1.2.2
[bookmark: _Ref118474413]CG PUSCH
Different from DG-PUSCH which is scheduled by a scheduling DCI, CG-PUSCH does not require any scheduling DCI (except the triggering DCI for CG-PUSCH type 2, which is used once for triggering the CG configuration). For this reason, CG-PUSCH is typically used for transmitting (latency) critical data, e.g., URLLC transmissions, which can happen at any time. Considering cell edge UEs in coverage shortage conditions, both DG and CG PUSCH are impacted. Thus, immediate waveform switching indication for CG PUSCH is highly required. 
Concerning CG PUSCH type 1 versus CG PUSCH type 2, if DWS indication is applied to subsequent PUSCH transmissions, DWS can be applied to both type 1 and type 2. In contrast, if DWS indication is not applied to subsequent PUSCH transmissions, DWS is applied for CG PUSCH type 2 only using the activating DCI. It is worth noting that, the latter scenario does not support the case when CG PUSCH type 2 is already activated and later gNB would like to indicate waveform switching for (the future, already activated) CG PUSCH type 2. This is very unfortunate given the critical applications of CG PUSCH.
[bookmark: _Toc118725919]Observation 5. Both DG and CG PUSCH are equally impacted by coverage shortage.
[bookmark: _Toc118725920]Observation 6. CG PUSCH is typically used for transmitting URLLC data. Therefore, it is important to also apply any coverage enhancement techniques to CG PUSCH.
[bookmark: _Toc118273129][bookmark: _Toc118725942]Proposal 3. RAN1 to support dynamic waveform switching for both CG PUSCH type 1 and type 2. 
Msg3 PUSCH
Msg3 PUSCH was identified as a channel suffering from coverage shortage in Rel-17 SI (which led to Msg3 repetition feature specified for coverage enhancement in Rel-17). However, means for dynamic waveform switching for Msg3 does not exist. Some specification efforts for specifying dynamic waveform switching for PUSCH can be leveraged for Msg3 PUSCH, depending on the solution to be adopted. During RAN1#110-e-bis PRACH enhancement discussions, there were few companies proposing a link between Msg1 repetition and DWS for Msg3 PUSCH. As above agreement from RAN1#110b-e does not clarify the PUSCH type, it is worth further studying the necessity of dynamic waveform switching for Msg3 PUSCH. 
[bookmark: _Toc118725943]Proposal 4. RAN1 to further study dynamic waveform switching for Msg3 PUSCH. 
Applicable DCI formats
In RAN1#110-e-bis, potential applicability of DWS indication for different UL DCI formats were initiated, and the following agreement was made: 
	Agreement
Dynamic waveform switching enhancement in R18 is applicable to PUSCH scheduled by DCI format 0_1 or 0_2 in PDCCH with CRC scrambled with C-RNTI, MCS-C-RNTI, or CS-RNTI with NDI=1.
· Note: The above does not imply that dynamic switching enhancement in R18 is applicable or not applicable to other cases of PUSCH (e.g. PUSCH transmission with a Type 1 or Type 2 configured grant, PUSCH scheduled by DCI format 0_0).


The above agreement focuses on UL DCI format, whereas the applicability of non-UL DCI formats (including DL DCI and group common DCI) as well as fallback DCI formats should be further discussed, as also mentioned in the working assumption.
[bookmark: _Ref118467245]Non-uplink DCI formats
Downlink DCI
As pointed out in Section 2.1, DWS indication can be considered in general via two options depending on whether the indication is applicable for subsequent PUSCH transmissions. Some companies during RAN1#110-e-bis argued that only UL DCI should be used for waveform indication. However, limiting waveform switching indication to only UL DCI would have its drawbacks when there are no dynamic UL transmissions to be scheduled. There would be either considerable latency in indicating waveform switching for CG- PUSCH or unnecessary UL scheduling overhead due to UL DCI sent for scheduling a PUSCH without data just for waveform indication. These drawbacks can be avoided by using DL DCI in addition to UL DCI for DCI-based signalling of waveform indication specifically when waveform indication is applicable to subsequent PUSCH. 
[bookmark: _Toc118273112][bookmark: _Toc118725921]Observation 7. DCI-based signalling using DL DCI as well as UL DCI not only offers lower latency for indicating waveform switching for CG PUSCH, but also avoids UL scheduling overhead in case there is no dynamic uplink transmission to be scheduled by UL DCI and there are DL transmissions to be scheduled by DL DCI.
As discussed in Section 2.1.1, if we decide that DWS indication is applicable to subsequent PUSCH transmissions, then DL DCI can also be used for indication.
[bookmark: _Toc118273113][bookmark: _Toc118725922]Observation 8. If dynamic waveform switching indication is applicable for subsequent PUSCH transmissions, DL DCI can also be used for dynamic waveform switching indication. 
[bookmark: _Toc118725944]Proposal 5. RAN1 to support DL DCI for dynamic waveform switching indication if the indication is applicable for subsequent PUSCH transmissions.
Group common DCI
As depicted in the working assumption, UE group common DCI was identified as one solution for DWS indication. Similar to DL DCI, group common DCI can also be used to tackle the drawback of using only UL DCI for DWS indication in the scenario when there are no dynamic UL transmissions to be scheduled. Furthermore, group common DCI can avoid any impact on scheduling DCI and does not impose any scheduling restrictions. However, as mentioned in Section 2.1.1, it requires the condition that DWS indication is applicable to subsequent PUSCH transmissions. 
[bookmark: _Toc118725923]Observation 9. Group common DCI can be used not only for tackling the drawback of using only UL DCI for DWS indication in the scenario when there are no dynamic UL transmissions to be scheduled, but also for avoiding any scheduling restrictions and any impact on scheduling DCI.
[bookmark: _Toc118725945]Proposal 6. RAN1 to support group common DCI for dynamic waveform switching indication if the indication is applicable for subsequent PUSCH transmissions.
[bookmark: _Ref118471383]Fallback DCI formats
Fallback DCI formats are relevant for coverage enhancements. Indeed, with a smaller payload compared to non-fallback formats, fallback DCI formats can have a smaller coding rate and hence being more reliable in coverage shortage scenario. On other hand, switching from DFT-s-OFDM waveform to CP-OFDM may be relevant when UE is not anymore in strict coverage shortage scenario. However, as the fallback DCI formats support only single-layer transmission, they may not be suitable for switching from DFT-s-OFDM to CP-OFDM where the latter can be used with rank greater than one. Therefore, non-fallback DCI formats should not be precluded for DCI-based signalling solution.
[bookmark: _Toc118273114][bookmark: _Toc118725924]Observation 10. Fallback DCI formats can have a smaller coding rate and hence being more reliable in coverage shortage scenario. However, since fallback DCI formats support only single-layer transmission, it may not be suitable for switching from DFT-s-OFDM to CP-OFDM where the latter can be used with rank greater than one.
During RAN1#110b-e meeting, some companies expressed their concerns about potential changes on DCI size and fields of the fallback DCI if it is used for dynamic waveform switching indication. However, whether there is any change on DCI size and fields would depend on the solution to be adopted for DWS indication. As an example, if UE implicitly determines waveform based on the scheduling information, then the DCI format is not impacted at all, given that waveform determination is performed (based on some implicit conditions) after the DCI content is successfully decoded by the UE.
[bookmark: _Toc118273115][bookmark: _Toc118725925]Observation 11. DCI size and change on the fields of fallback DCI formats can be avoided using proper waveform determination (e.g., implicit determinations), if fallback DCI formats are used for dynamic waveform switching indication.
During RAN1#110b-e, companies raised concerns about fallback DCI cannot be used to schedule PUSCH repetitions, which is the first solution to be considered in coverage shortage. However, if the DWS indication is applicable for subsequent PUSCH transmissions, then it is relevant to use fallback DCI since the indication can be applied to subsequent PUSCH transmissions as mentioned in Section 2.1.1. In addition, assuming the case that repetition is not required but using low MCS and DFT-s-OFDM is sufficient, then DWS indication using fallback DCI is still beneficial for switching from CP-OFDM to DFT-s-OFDM in this case.
[bookmark: _Toc118273118][bookmark: _Toc118725926]Observation 12. It is relevant to use fallback DCI since the indication can be applied to subsequent PUSCH transmissions, if the dynamic waveform switching indication is applicable for subsequent PUSCH transmissions.
[bookmark: _Toc118725927]Observation 13. Assuming the case that repetition is not required but using low MCS and DFT-s-OFDM is sufficient, then DWS indication using fallback DCI is still beneficial for switching from CP-OFDM to DFT-s-OFDM in this case.
[bookmark: _Toc118273132][bookmark: _Toc118725946]Proposal 7. RAN1 to support at least DCI format 0_0 for dynamic waveform switching indication.
[bookmark: _Toc118725947]Proposal 8. RAN1 to support DCI format 1_0 for dynamic waveform switching indication if the indication is applicable for subsequent PUSCH transmissions.
[bookmark: _Ref118523626]Solutions for dynamic waveform switching indication
From the working assumption, different solutions were listed for DWS indication including explicit or implicit signalling. In this section we discuss these solutions in detail and provide methods that could be considered for tacking the drawbacks of these solutions.
Explicit DCI-based signalling
For explicit DCI-based signalling, examples of reusing existing field in scheduling DCI were identified in the working assumption as follows:
	· Alt 1-B-1: Explicit indication by repurposing field, e.g.
· Add one column to TDRA table
· Add one column to MCS table(s)
· Other solutions not precluded


Above examples of explicit signalling implies that UEs read explicit bit(s) in the DCI for waveform switching, however this direction does not always require additional bit(s) to be added. Indeed, aside from adding one column to the corresponding field, another example of explicit DCI-based signalling is to repurpose certain bit(s) in a DCI field without changing the DCI size. UEs then read the repurposed bit(s) for waveform switching in case of switching or simply interpret the waveform switching with respect to the new column. For example, the most or least significant bit of FDRA or HARQ process ID fields can be used for waveform indication. In this case, the remaining bits of the field are be used for conveying the scheduling information (e.g., frequency domain resource allocation or HARQ process ID). The advantage of this approach is that it does not introduce DCI overhead.
[bookmark: _Toc118725948]Proposal 9. RAN1 to further consider the following solutions for explicit indication by repurposing field:
· The most or least significant bit of FDRA or HARQ process ID fields can be used for waveform indication.
· FFS methods for reusing the remaining bits of the field for conveying scheduling information.
Implicit DCI-based signalling
For implicit DCI-based signalling, the idea is to signal waveform switching based on one or multiple pre-defined conditions. Similar to repurposing bit(s) for explicit signalling, main benefit of using implicit signalling is that it does not introduce DCI overhead. Examples of implicit signalling were identified in the working assumption as follows:
	· Alt 1-B-2: Implicit determination from condition(s) on scheduling information, e.g.
· RA type, MSB of RA
· Number of RBs (below threshold or multiple of 2,3,5)
· Location of RB allocation within carrier and the associated MPR
· MCS below threshold
· Number of PUSCH repetitions (or whether PUSCH repetition is used) and/or TBoMS
· Number of DMRS CDM group(s) without data
· Precoding information and number of layers
· SRI
· Condition over multiple types of scheduling information
· Other types of scheduling information not precluded


Given a long list of conditions has been identified, RAN1 should consider prioritizing some conditions over the other to facilitate the discussion. In this regard, one should not forget that the objective of introducing dynamic waveform switching is for coverage enhancement. Therefore, the net gain of each waveform should be taken into account. For DFT-s-OFDM the gain come from low PAPR characteristic of the waveform which leads to lower MPR and higher UL power. However, the MPR is specified in RAN4 specifications for each waveform and the value is different for different RB regions and modulation orders. Specifically, for QPSK, the specified MPR values for edge/outer RB regions are higher than that for inner RB region for both DFT-s-OFDM and CP-OFDM, while the gap in terms of MPR in inner RB region between the two waveforms is smaller. This implies that the power gain offered by DFT-s-OFDM may be less significant, if not void, compared to CP-OFDM for inner RB region. In this case, CP-OFDM may be preferred as it could provide slightly better detection performance, which depends on implementation. Therefore, it is more relevant in views of coverage enhancements to consider at least the condition of RB regions and associated MPR for waveform switching, i.e., DFT-s-OFDM is used when the PUSCH is scheduled in the outer/edge regions and CP-OFDM is used when the PUSCH is scheduled in the inner RB region. 
[bookmark: _Toc118273119][bookmark: _Toc118725928]Observation 14. For a given modulation order, the specified MPR values for edge/outer RB regions are higher than that for inner RB region for both DFT-s-OFDM and CP-OFDM, while the gap in terms of MPR in inner RB region between the two waveforms is smaller. This implies that the power gain offered by DFT-s-OFDM may be less significant, if not void, compared to CP-OFDM for inner RB region.
[bookmark: _Toc118273120][bookmark: _Toc118725929]Observation 15. It is more relevant in views of coverage enhancements to consider at least the condition of RB regions and associated MPR for waveform switching, i.e., DFT-s-OFDM is used when the PUSCH is scheduled in the outer/edge regions and CP-OFDM is used when the PUSCH is scheduled in the inner RB region. 
Another aspect to be considered in coverage shortage is that the number of allocated RBs should not be so large. Indeed, the smaller number of RBs, the higher power per resource element and, thus, better link-budget can be achieved. Note that this is the main motivation for specifying TB processing over multiple slots (TBoMS) feature for coverage enhancements in Rel-17. Therefore, if a UE should switch to DFT-s-OFDM due to coverage shortage, it should not be allocated with a high number of RBs. In other words, DFT-s-OFDM should only be selected if the number of allocated RBs is sufficiently small.
[bookmark: _Toc118273122][bookmark: _Toc118725930]Observation 16. If a UE should switch to DFT-s-OFDM due to coverage shortage, the number of allocated RBs should be sufficiently small.
[bookmark: _Toc118273135][bookmark: _Toc118725949]Proposal 10. RAN1 to prioritize the following conditions for discussions on implicit DCI-based signalling for dynamic waveform switching indication:
· RB regions and associated MPR (i.e., DFT-s-OFDM is used when the PUSCH is scheduled in the outer/edge regions and CP-OFDM is used when the PUSCH is scheduled in the inner RB region),
· Total allocated RBs (i.e., DFT-s-OFDM is used when the total number of allocated RBs is sufficiently small, otherwise CP-OFDM).
On the other hand, for the conditions that requires thresholds, e.g., MCS below threshold, number of RBs below threshold, number of PUSCH repetitions, etc., it is worth highlighting that RAN1 should avoid making binary decision based on a single threshold (e.g., MCS is below a threshold then DFT-s-OFDM, otherwise CP-OFDM), which can be considered as binary condition. This approach leads to significant scheduling restriction. Instead, RAN1 should consider two thresholds depending on (the current) waveform. For example, if the current waveform at the UE is CP-OFDM then the condition is satisfied (e.g., it switches to DFT-s-OFDM) if MCS is below Threshold A, whereas if the current waveform at the UE is DFT-s-OFDM then the condition is satisfied (e.g., it switches to CP-OFDM) if MCS is above Threshold B, wherein Threshold A is less than or equal to Threshold B. This approach provides more scheduling flexibility for the gNB (e.g., in terms of selecting the MCS level or any other scheduling information).
[bookmark: _Toc118725950]Proposal 11. In the conditions for implicit DCI-based signalling, for each condition that requires threshold, RAN1 to consider two thresholds depending on the current waveform at the UE.
Drawbacks of the identified solutions
DCI overhead and scheduling restrictions
For explicit signalling using DCI, this solution either introduces a new DCI field or repurposes an existing DCI field. This leads to the DCI overhead increase (if a new field is introduced) or scheduling constraints due to limiting the usage of the repurposed DCI field (if a DCI field is repurposed). Solutions to tackle this drawback should also be considered, together with the discussion on the field to be repurposed. 
[bookmark: _Toc118273134][bookmark: _Toc118725951]Proposal 12. RAN1 to consider solutions to mitigate DCI overhead increase and to reduce impact on usage of the repurposed DCI field, for explicit DCI-based signalling of dynamic waveform switching.
For implicit signalling using the scheduling information from DCI, scheduling flexibility would be reduced significantly if only one condition is considered for implicit signalling. For instance, if MCS condition is used, this would mean that CP-OFDM can never be used with low MCS levels, which significantly impacts the link adaptation procedure and may force the gNB to schedule waveform switching (e.g., to DFT-s-OFDM) even if it is not needed in practice. The same drawback applies to other conditions listed in the working assumption. Therefore, to minimize the impact on scheduling flexibility, multiple conditions can be combined. However, considering/checking many conditions at the same time (i.e., in a single combination) may introduce significant complexity and energy consumption at both UE and gNB sides.
[bookmark: _Toc118725931]Observation 17. For implicit signalling, multiple conditions can be combined to minimize the impact on scheduling flexibility. However, if these multiple conditions are considered at the same time (i.e., in a single combination) may introduce significant complexity and energy consumption at both UE and gNB sides.
[bookmark: _Toc118725952]Proposal 13. RAN1 to consider solutions to not only reduce scheduling restrictions, but also to avoid checking many conditions at the same time (in a single combination), for implicit DCI-based signalling of dynamic waveform switching.
DCI size misalignment
During RAN1#110b-e meeting, discussions regarding DCI size alignment between gNB and UE for the DCI that is used for DWS indication was initiated without reaching agreement. Indeed, following the current specifications, several DCI fields may be present or absent, or having different sizes, depending on the configured waveform, namely
· Precoding information and number of layers,
· Antenna ports,
· PTRS-DMRS association,
· DMRS sequence initialization.
As an example, DMRS sequence initialization field in DCI format 0_1 or format 0_2 is present if transform precoder is disabled, i.e., if CP-OFDM is configured. Whereas DMRS sequence initialization field in DCI format 0_1 or format 0_2 is absent if transform precoder is enabled, i.e., if DFT-s-OFDM is configured. One issue that applies specifically for dynamic waveform switching using DCI is that DMRS sequence initialization field may be present or absent in the indicating DCI depending on the waveform to be switched to. This presence or absence of the field is unknown to the UE in advance, which leads to the misalignment of the DCI size or UE must apply two hypotheses on DCI size for interpretation of every reception of DCI, which entails implementation cost. One simple solution is to always assume these fields to be present or at the largest size, regardless of the UE operation modes. This solution was indeed supported by the majority during the discussion in RAN1#110b-e. However, significant drawback of this solution is unnecessary DCI overhead when these fields are not needed (for one UE operation mode).
[bookmark: _Toc118725932]Observation 18. The DCI size misalignment can be simply tackled by always assuming the highest payload for the indicating DCI. However, assuming always DCI size with larger payload will result in significant additional DCI overhead. 
[bookmark: _Toc118725953]Proposal 14. RAN1 to consider solutions to mitigate DCI overhead increase due to DCI size alignment for the DCI indicating waveform switching.
Approach for tacking the drawbacks of the identified solutions
General approach
From the above analysis, drawbacks of the identified solutions can be summarized as follows
· DCI overhead introduced by new DCI field (applicable for explicit signalling)
· DCI overhead introduced by DCI size alignment (applicable for both explicit and implicit signalling)
· Scheduling restrictions (applicable for both explicit and implicit signalling).
· Complexity and energy consumption at both UE and gNB sides (applicable for implicit signalling). 
There is a clear motivation to study solutions for tackling these drawbacks. Indeed, the following was mentioned in the working assumption, which provides a good starting point for finding solutions.
	· FFS: Indication applies only if condition(s) are satisfied (e.g. PDCCH occasion, /RNTI, /Search space of the scheduling DCI, latest PHR reported by the UE, etc.)


As mentioned in the WA, some conditions can be applied to determine whether the DWS should be performed or not. In other words, this approach can be seen as splitting DWS indication into two steps. In the first step, UE checks certain conditions for interpreting whether DWS indication is applied for the scheduling DCI or not. In the second step, UE checks the DWS indication depending on the adopted solution, which can be implicit or explicit. This approach minimizes, if not resolves, the aforementioned drawbacks. Indeed, the advantages of this approach are as follows:
· Firstly, in case the conditions in the first step are not satisfied, UE can save significantly the computational complexity and energy consumption by skipping the waveform determination in the second step (which could require UE to further check other scheduling conditions, if implicit signalling is adopted for the second step). The advantage is equally applied at the gNB since, if the gNB does not want to change the waveform, it only needs to set the conditions in the first step such that there is no waveform determination needed in the second step. 
· Secondly, if the gNB sets the conditions in the first step such that there is no waveform determination needed in the second step, gNB will have full scheduling flexibility without worrying about other scheduling conditions in the second step, if implicit signalling is adopted for the second step.
· Finally, the DCI overhead (introduced by new DCI field or by DCI size alignment) can be avoided if the conditions in the first step is on the PDCCH. In this case, new field or DCI size alignment are not always needed if some conditions on the PDCCH are not satisfied (see Section 2.2.4.2).
[bookmark: _Toc118725933]Observation 19. The drawbacks of the identified dynamic waveform switching indication solutions in terms of DCI overhead, scheduling restrictions and complexity/energy consumption can be minimized, if not avoided, by splitting the dynamic waveform switching indication into two steps.
[bookmark: _Toc118725954]Proposal 15. RAN1 to consider the dynamic waveform switching indication in two steps.
· Step1: UE checks certain conditions for interpreting whether DWS indication is applied for the scheduling DCI or not.
· FFS: the conditions.
· Step 2: UE checks the DWS indication depending on the adopted solution, which can be implicit signalling or explicit signalling.
The conditions for checking whether there is DWS indication (in step 1) could be the conditions on the scheduled PUSCH, (e.g., similar to the conditions identified for implicit signalling), or conditions on the scheduling PDCCH (e.g., conditions on the allocation of PDCCH that convey scheduling DCI), or some other conditions (e.g., MAC-CE or latest PHR). This aspect will be discussed in next section.
[bookmark: _Ref118708598]Conditions for checking whether there is DWS indication (step 1)
Conditions on scheduled PUSCH
As aforementioned, the conditions for checking whether there is DWS indication (in step 1) could be the conditions on the scheduled PUSCH, (e.g., similar to the conditions identified for implicit signalling). In other words, some conditions from the conditions identified for implicit signalling can be used first for checking whether there is DWS indication. Then the DWS indication solution can be applied. 
In case explicit signalling solution is used for DWS indication, an example of using the conditions on scheduled PUSCH for step 1 is as follows. Assuming the current waveform at the UE is CP-OFDM, UE firstly checks whether the scheduled MCS level is lower than a threshold (step 1). If yes, UE further check other explicit signalling, e.g., MSB/LSB of FDRA field (step 2). Otherwise, UE does not further check any DWS indication.
In case implicit signalling solution is used for DWS indication, an example of using the condition on scheduled PUSCH for step 1 is as follows. Assuming the current waveform at the UE is CP-OFDM, UE firstly checks whether the scheduled MCS level is lower than a threshold (step 1). If yes, UE further check other implicit signalling conditions, e.g., number of PRBs, location of RB allocation within carrier, etc. (step 2). Otherwise, UE does not further check any DWS indication.
[bookmark: _Toc118725934]Observation 20. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on the scheduled PUSCH, similar to the conditions identified for implicit DCI-based signalling. 
Conditions on scheduling PDCCH
The conditions for checking whether there is DWS indication (in step 1) could be conditions on the scheduling PDCCH. In other words, some conditions on the allocation of PDCCH that convey scheduling DCI can be used first for checking whether there is DWS indication. Then the DWS indication solution can be applied. Considering conditions on scheduling PDCCH not only minimize the scheduling restrictions and complexity/energy consumption, but also minimize DCI overhead. Indeed, Figure 1 shows an example on how to avoid constant DCI overhead and scheduling restrictions. This example considers a time duration T which is repeated in time. Only DCI received in T needs to align its size to the highest payload, whereas the DCI received outside T has the size associated to the configured or indicated waveform (depending on whether DWS is indicated or not), which can be lower than the highest payload. In addition, the scheduling restrictions/conditions are applied only when the scheduling DCI is received within the time duration T.



[image: ]
[bookmark: _Ref118526571]Figure 1. Example of avoiding constant DCI overhead and scheduling restrictions by considering DWS indication applied for all subsequent PUSCH transmissions.
[bookmark: _Toc118725935]Observation 21. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on the scheduling PDCCH, e.g., some conditions on the allocation of PDCCH that convey scheduling DCI. 
Other conditions
Aside from the conditions on scheduled PUSCH and scheduling PDCCH, some other conditions can be considered in step 1. For example, a MAC-CE indication can be used to inform UE that DWS indication (using explicit or implicit DCI-based signalling) is expected for the subsequent scheduling. This indication can later be turned off (also using MAC-CE indication) to avoid the DCI overhead and scheduling restrictions when DWS indication is not needed. This approach is more robust than using only MAC-CE for DWS indication since the latency may be introduced for the first indication (in between the time when UE receives MAC-CE indication for enabling DWS indication and MAC-CE indication for disabling DWS indication), but not all indications.
[bookmark: _Toc118725936]Observation 22. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on whether UE has received a MAC-CE indication for enabling the dynamic waveform switching indication. 
In addition, from coverage enhancement point of view, power gain offered by DFT-s-OFDM is only needed if the UE cannot further boost its power (i.e., power limited UE). In other words, UE only need to switch into DFT-s-OFDM if the latest power headroom report (PHR) is sufficiently small.
[bookmark: _Toc118273121][bookmark: _Toc118725937]Observation 23. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on the latest power head room report (PHR).
[bookmark: _Toc118725955]Proposal 16. RAN1 to consider the following conditions for checking whether dynamic waveform switching (DWS) indication is applied or not (i.e., step 1) before checking the DWS indication depending on the adopted solution (i.e., step 2):
· Conditions on the scheduled PUSCH (e.g., some conditions identified for implicit signalling),
· Conditions on the scheduling PDCCH (e.g., conditions on the allocation of PDCCH that convey scheduling DCI),
· Condition on whether UE has received a MAC-CE indication for enabling the dynamic waveform switching indication, 
· Condition on the latest power head room report (PHR).
Enhancements to assist the scheduler in determining waveform switching
In RAN1#110b-e meeting, following was agreed on the enhancements to assist the scheduler in determining waveform switching:
	Agreement
RAN1 to study and if necessary, specify, enhancements to assist the scheduler in determining waveform switching, such as:
· Reporting power headroom related information 
· Other solutions are not precluded


Although PHR can be a good information given the current specification, the granularity of PHR is however quite coarse. Therefore, PHR cannot precisely reflect the actual UE power boosting capability/power level, which is only known by the UE. In addition, PHR is determined using the current transmission settings and waveform, which may not be correct for a new transmission with a new waveform. Therefore, we see that power headroom reporting should be enhanced for assisting gNB on selecting a suitable waveform. For example, PHR assuming CP-OFDM and PHR assuming DFT-s-OFDM could both be reported by the UE. Waveform specific information for both waveforms can be embedded in PHR.
[bookmark: _Toc118273126][bookmark: _Toc118725938]Observation 24. PHR cannot precisely reflect the actual UE power boosting capability/power level, which is only known by the UE.
[bookmark: _Toc118273127][bookmark: _Toc118725939]Observation 25. PHR is determined using the current transmission settings and waveform, which may not be correct for a new transmission with a new waveform.
To provide waveform specific PHR reporting as assistance to gNB for waveform indication, the followings should be considered:
· Information related to waveform specific PHR reporting involving physical resources, triggering conditions and signalling details to convey the information.
· Triggering waveform specific PHR reporting being performed on top of existing triggering conditions for PHR.
[bookmark: _Toc118273138][bookmark: _Toc118725956]Proposal 17. Support enhancements for waveform specific power headroom reporting for assisting gNB on selecting a suitable waveform. FFS: signalling details including physical resources for PHR reporting, triggering conditions, if any, etc.at the UE
Aside from PHR reporting, which may require more overhead due to higher payload. RAN1 can further study solution for letting UE to report the preferred waveform (though it’s gNB to take the final decision based on DWS indication). 
[bookmark: _Toc118725957]Proposal 18. RAN1 to further study whether/how to let UE reporting the preferred waveform for assisting the scheduler in determining waveform switching. 
[bookmark: _Toc67700564]Conclusion
In this contribution we have discussed enhancements to support dynamic switching between DFT-s-OFDM and CP-OFDM in Rel-18. The following observations can be noted:
Observation 1. The decision on whether DWS indication is applicable to subsequent PUSCH transmissions or not has strong impact on the following discussions:
· Whether non-UL DCI (including DL DCI and group common DCI) can be used for DWS indication?
· Whether fallback DCI can be used for DWS indication?
· Whether the DWS indication is applicable to CG PUSCH?
Observation 2. In RAN1#110b-e meeting, the majority view was that frequent back-to-back switching of waveform is not needed since there is no practical justification for such behaviour. This implies that there is no need for the DWS indication for each PUSCH transmission.
Observation 3. Given that there is no motivation for DWS indication for each PUSCH transmission, RAN1 can avoid constant DCI overhead and scheduling restrictions on each PUSCH scheduling.
Observation 4. The WID mentioned “dynamic switching between DFT-S-OFDM and CP-OFDM” but not “dynamic indication”. This means that the UE switches its waveform, and the new waveform will be applied for all subsequent PUSCH transmissions
Observation 5. Both DG and CG PUSCH are equally impacted by coverage shortage.
Observation 6. CG PUSCH is typically used for transmitting URLLC data. Therefore, it is important to also apply any coverage enhancement techniques to CG PUSCH.
Observation 7. DCI-based signalling using DL DCI as well as UL DCI not only offers lower latency for indicating waveform switching for CG PUSCH, but also avoids UL scheduling overhead in case there is no dynamic uplink transmission to be scheduled by UL DCI and there are DL transmissions to be scheduled by DL DCI.
Observation 8. If dynamic waveform switching indication is applicable for subsequent PUSCH transmissions, DL DCI can also be used for dynamic waveform switching indication.
Observation 9. Group common DCI can be used not only for tackling the drawback of using only UL DCI for DWS indication in the scenario when there are no dynamic UL transmissions to be scheduled, but also for avoiding any scheduling restrictions and any impact on scheduling DCI.
Observation 10. Fallback DCI formats can have a smaller coding rate and hence being more reliable in coverage shortage scenario. However, since fallback DCI formats support only single-layer transmission, it may not be suitable for switching from DFT-s-OFDM to CP-OFDM where the latter can be used with rank greater than one.
Observation 11. DCI size and change on the fields of fallback DCI formats can be avoided using proper waveform determination (e.g., implicit determinations), if fallback DCI formats are used for dynamic waveform switching indication.
Observation 12. It is relevant to use fallback DCI since the indication can be applied to subsequent PUSCH transmissions, if the dynamic waveform switching indication is applicable for subsequent PUSCH transmissions.
Observation 13. Assuming the case that repetition is not required but using low MCS and DFT-s-OFDM is sufficient, then DWS indication using fallback DCI is still beneficial for switching from CP-OFDM to DFT-s-OFDM in this case.
Observation 14. For a given modulation order, the specified MPR values for edge/outer RB regions are higher than that for inner RB region for both DFT-s-OFDM and CP-OFDM, while the gap in terms of MPR in inner RB region between the two waveforms is smaller. This implies that the power gain offered by DFT-s-OFDM may be less significant, if not void, compared to CP-OFDM for inner RB region.
Observation 15. It is more relevant in views of coverage enhancements to consider at least the condition of RB regions and associated MPR for waveform switching, i.e., DFT-s-OFDM is used when the PUSCH is scheduled in the outer/edge regions and CP-OFDM is used when the PUSCH is scheduled in the inner RB region.
Observation 16. If a UE should switch to DFT-s-OFDM due to coverage shortage, the number of allocated RBs should be sufficiently small.
Observation 17. For implicit signalling, multiple conditions can be combined to minimize the impact on scheduling flexibility. However, if these multiple conditions are considered at the same time (i.e., in a single combination) may introduce significant complexity and energy consumption at both UE and gNB sides.
Observation 18. The DCI size misalignment can be simply tackled by always assuming the highest payload for the indicating DCI. However, assuming always DCI size with larger payload will result in significant additional DCI overhead.
Observation 19. The drawbacks of the identified dynamic waveform switching indication solutions in terms of DCI overhead, scheduling restrictions and complexity/energy consumption can be minimized, if not avoided, by splitting the dynamic waveform switching indication into two steps.
Observation 20. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on the scheduled PUSCH, similar to the conditions identified for implicit DCI-based signalling.
Observation 21. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on the scheduling PDCCH, e.g., some conditions on the allocation of PDCCH that convey scheduling DCI.
Observation 22. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on whether UE has received a MAC-CE indication for enabling the dynamic waveform switching indication.
Observation 23. Conditions for interpreting whether dynamic waveform switching indication is applied for the scheduling DCI or not could be conditions on the latest power head room report (PHR).
Observation 24. PHR cannot precisely reflect the actual UE power boosting capability/power level, which is only known by the UE.
Observation 25. PHR is determined using the current transmission settings and waveform, which may not be correct for a new transmission with a new waveform.
[bookmark: _Toc67700565]In addition, the following proposals were made:
Proposal 1. RAN1 to prioritize the discussion on whether DWS indication is applicable to subsequent PUSCH transmissions.
Proposal 2. Dynamic waveform switching indication should be applied to all subsequent PUSCH transmissions.
Proposal 3. RAN1 to support dynamic waveform switching for both CG PUSCH type 1 and type 2.
Proposal 4. RAN1 to further study dynamic waveform switching for Msg3 PUSCH.
Proposal 5. RAN1 to support DL DCI for dynamic waveform switching indication if the indication is applicable for subsequent PUSCH transmissions.
Proposal 6. RAN1 to support group common DCI for dynamic waveform switching indication if the indication is applicable for subsequent PUSCH transmissions.
Proposal 7. RAN1 to support at least DCI format 0_0 for dynamic waveform switching indication.
Proposal 8. RAN1 to support DCI format 1_0 for dynamic waveform switching indication if the indication is applicable for subsequent PUSCH transmissions.
Proposal 9. RAN1 to further consider the following solutions for explicit indication by repurposing field:
· The most or least significant bit of FDRA or HARQ process ID fields can be used for waveform indication.
· FFS methods for reusing the remaining bits of the field for conveying scheduling information.
Proposal 10. RAN1 to prioritize the following conditions for discussions on implicit DCI-based signalling for dynamic waveform switching indication:
· RB regions and associated MPR (i.e., DFT-s-OFDM is used when the PUSCH is scheduled in the outer/edge regions and CP-OFDM is used when the PUSCH is scheduled in the inner RB region),
· Total allocated RBs (i.e., DFT-s-OFDM is used when the total number of allocated RBs is sufficiently small, otherwise CP-OFDM).
Proposal 11. In the conditions for implicit DCI-based signalling, for each condition that requires threshold, RAN1 to consider two thresholds depending on the current waveform at the UE.
Proposal 12. RAN1 to consider solutions to mitigate DCI overhead increase and to reduce impact on usage of the repurposed DCI field, for explicit DCI-based signalling of dynamic waveform switching.
Proposal 13. RAN1 to consider solutions to not only reduce scheduling restrictions, but also to avoid checking many conditions at the same time (in a single combination), for implicit DCI-based signalling of dynamic waveform switching.
Proposal 14. RAN1 to consider solutions to mitigate DCI overhead increase due to DCI size alignment for the DCI indicating waveform switching.
Proposal 15. RAN1 to consider the dynamic waveform switching indication in two steps.
· Step1: UE checks certain conditions for interpreting whether DWS indication is applied for the scheduling DCI or not.
· FFS: the conditions.
· Step 2: UE checks the DWS indication depending on the adopted solution, which can be implicit signalling or explicit signalling.
Proposal 16. RAN1 to consider the following conditions for checking whether dynamic waveform switching (DWS) indication is applied or not (i.e., step 1) before checking the DWS indication depending on the adopted solution (i.e., step 2):
· Conditions on the scheduled PUSCH (e.g., some conditions identified for implicit signalling),
· Conditions on the scheduling PDCCH (e.g., conditions on the allocation of PDCCH that convey scheduling DCI),
· Condition on whether UE has received a MAC-CE indication for enabling the dynamic waveform switching indication, 
· Condition on the latest power head room report (PHR).
Proposal 17. Support enhancements for waveform specific power headroom reporting for assisting gNB on selecting a suitable waveform. FFS: signalling details including physical resources for PHR reporting, triggering conditions, if any, etc.at the UE
Proposal 18. RAN1 to further study whether/how to let UE reporting the preferred waveform for assisting the scheduler in determining waveform switching.
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