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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#111 concerning the applicability of waveform switching indication to different PUSCH types and DCI formats, the Working Assumption made in RAN1#111 for dynamic waveform switching (DWS) indication and the issues concerned DCI alignment of the fields which are waveform dependent. Section 2.2 discusses the essentials of DWS for both Msg3 PUSCH initial transmission and re-transmission. Section 2.3 discusses the potential enhancements for assisting the scheduler in determining waveform switching including power headroom related information and triggering the report of assisting information. Section 3 concludes the document by highlighting key proposals and observations.
[bookmark: _Toc67700557]Discussion
In RAN1#111, the following agreement was made on the applicability of DCI based dynamic waveform indication in Rel-18.
	Agreement
· For DCI based solution, 
· For supported dynamically scheduled PUSCH, support dynamic waveform switching indication from UL scheduling DCI
· Note: “Supported dynamically scheduled PUSCH” is to be confirmed in further discussion 
· Note: It does not imply that the waveform switching indication applies to other transmission or not
· Indication from non-UL scheduling DCI is not supported.
· Note: the working assumption made in RAN1#110b-e for “Support at least one of the following options for the dynamic waveform indication in R18” does not need to be confirmed




Moreover, the following Working Assumption was made in RAN1#111 on the dynamic waveform indication from UL DCI in Rel-18.
	Working Assumption
· Support new 1-bit field for dynamic waveform indication from UL scheduling DCI
· Note: no change of the current size alignment procedure between UL DCI and DL DCI



In the following, we discuss different open aspects taking into account the above agreement and Working Assumption made in RAN1#111 and provide our view on the potential solutions.  
Dynamic waveform switching for DG-PUSCH and CG-PUSCH indication
[bookmark: _Ref118601697]Applicable PUSCH transmissions
Subsequent PUSCH transmissions
In previous RAN1 meetings, no agreement was made concerning whether a dynamic waveform switching (DWS) indication is applied only on the scheduled PUSCH or it is also applied on the subsequent PUSCHs. Specifically, the following two main approaches can be highlighted:
· Approach 1: UE applies the indicated waveform for all subsequent PUSCH transmissions after receiving the DWS indication.
· Approach 2: UE applies the indicated waveform for only the scheduled PUSCH transmission(s) scheduled by the DCI that convey the DWS indication.
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][bookmark: _Ref127481045][bookmark: _Ref127481628][bookmark: _Ref127482143]Observation 1. 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.
Feasibility of applying DWS indication to subsequent PUSCH transmissions were discussed by some companies during RAN1#111 meeting and followings were highlighted as potential challenges when it comes to using non-frequent back-to-back switching of waveform:
1. The possibility of encountering missing UL DCI at UE which results in lacking knowledge on the waveform for subsequent PUSCH
2. The possibility of false alarm at gNB when it detects noise/interference in a PUSCH resource as the PUSCH transmission, in case DCI that schedules the PUSCH is missed.
Concerning the first potential challenge, there is no issue when the UL DCI is missed by the UE since UL DCI is scheduled for a PUSCH and in the case of being missed, gNB will not receive the PUSCH. As such, both gNB and UE will keep the same waveform. Concerning the second potential challenge, noise/interference detection at the gNB should be able to avoid this case, especially the possibility for having the same noise/interference only on the allocated resource for the PUSCH is very low. In addition, the detection itself can be achieved by gNB via applying DTx threshold in which a false alarm probability is applied for PUSCH. As such, the noise does not indicate false alarm via setting up the threshold. 
[bookmark: _Ref127481056]Observation 2. If dynamic waveform switching indication is applicable for subsequent PUSCH transmissions, gNB will keep the same waveform in case of encountering missing UL DCI. gNB can detect PUSCH transmission or not by applying DTx false alarm threshold.
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 1-bit in DCI (if Working Assumption is agreed), but also comes from the fact that many unused fields may always be added for DCI size alignment (note that the majority view in RAN1#111 meeting was to align DCI size to the highest payload). 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 2.1.2.6.
[bookmark: _Toc118725917][bookmark: _Ref127481649][bookmark: _Ref127482181]Observation 3. Given that the motivation for DWS indication for each PUSCH transmission is unclear, 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][bookmark: _Ref127481663][bookmark: _Ref127482243]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][bookmark: _Ref127482813]Proposal 1. Dynamic waveform switching indication should be applied to all subsequent PUSCH transmissions. 
[bookmark: _Ref118474413]Configured grant (CG) PUSCH
In above agreement made in RAN1#111, it was noted that the “Supported dynamically scheduled PUSCH” is to be confirmed in further discussion. At least for CG-PUSCH type 2, activation DCI can be used for DWS indication. In contrast, there is no activation DCI for CG-PUSCH type 1, and therefore, whether DWS indication is applied for CG-PUSCH type 1 or not would depend on whether the DWS indication is applied for subsequent PUSCH transmissions (including CG PUSCH type 1) or not.
[bookmark: _Toc118273129][bookmark: _Toc118725942][bookmark: _Ref127482824]Proposal 2. RAN1 to support dynamic waveform switching for at least CG PUSCH type 2. 
DCI size alignment between CP-OFDM and DFT-S-OFDM
The above Working Assumption made in RAN1#111 requires further discussion concerning the UL DCI size alignment. In this section, we mainly focus on UL DCI formats analysis and consider the impact and overhead introduced by DCI size alignment on waveform dependent fields. Indeed, when DWS is supported, one of the most significant issues that need to be solved is DCI size alignment. In Rel-17, the size of an UL DCI format depends on waveform configuration (e.g., transformPrecoder in PUSCH-Config IE). Thus, if the waveform switching is dynamically indicated, then it is unclear to UE which waveform (i.e., CP-OFDM or DFT-S-OFDM) is considered for DCI size determination, given that UE needs to determine DCI size for before knowing the waveform indicated in the DCI. 
Further details on the overhead introduced by DCI size alignment, the impacted fields in DCI formats 0_1/0_2 and 0_0 are provided in Section 2.1.2.1, 2.1.2.2.   
Waveform dependent fields in different DCI formats
The relevant field in DCI format 0_0, whose field size depends on waveform is:
· MCS
[bookmark: _Ref118471383]MCS field potentially creates the following scenario that may lead to the aforementioned DCI size misalignment issue: 
· In case the transform precoder is enabled, the 3 LSBs out of 5 bits of the MCS information field of the DCI format 0_0 with CRC scrambled by the TC-RNTI are used to provide the necessary indication to determine the modulation order and the target code rate used in the PUSCH. Hence, the 2 MSBs are unused (overhead) when DFT_S_OFDM is indicated.
At least the following DCI fields are considered as waveform dependent fields in DCI formats 0_1/0_2 (note that whether one or multiple of the following fields exist in a DCI depends on the DCI format):
· Frequency domain resource assignment (FDRA)
· Precoding information and number of layers (TPMI)
· Second precoding information
· Antenna ports
· PTRS-DMRS association 
· Second PTRS-DMRS association
· DMRS sequence initialization
For DWS, the above waveform dependent DCI fields are strongly impacted, since their sizes may change while the waveform is dynamically switched. Further details on the scenarios wherein these fields have different sizes for different waveforms are summarized as follows.
For FDRA field: when dynamicSwitch is configured for resourceAllocation in PUSCH-config (or ConfiguredGrantConfig for CG type 2) which indicates that the most significant bit (MSB) of the FDRA field will be used for indicating whether resource allocation (RA) type 0 or type 1 should be used. In this scenario, the MSB bit is not used if DFT-S-OFDM is indicated, since DFT-S-OFDM can only support RA type 1. In addition, when resourceAllocationType0 is configured for resourceAllocation in PUSCH-config (or ConfiguredGrantConfig for CG type 2) which indicates that RA type 0 is used for CP-OFDM (assuming CP-OFDM is RRC configured), UE always assumes FDRA field size associated with RA type 0. However, DFT-S-OFDM can only support RA type 1 and the bit length needed for RA type 0 is much larger than the bit length needed for RA type 1, which leads to  misalignment.
TPMI field: the bit-width of this field depends on waveform, number of antenna ports, value of maxRank, value of codebookSubset, whether codebook or nonCodeBook is configured for txConfig, whether ul-FullPowerTransmission is not configured or configured to fullpower or fullpowerMode2. For one number of antenna ports, the same bit length is used for both cases of CP-OFDM and DFT-S-OFDM if maxRank=1. For other configurations of the above parameters, the bit-width of this field may be different for different waveforms.
Antenna port field: the bit-width of this field depends on waveform, value of dmrs-Type, maxLength, modulation scheme, and the value of rank determined according to the SRS resource indicator field if the higher layer parameter txConfig = nonCodebook and according to the TPMI field if the higher layer parameter txConfig = codebook. The same bit-width is used in case of CP-OFDM and DFT-s-OFDM if dmrs-Type = 1 and maxLength = 2 and only DMRS configuration type 1 is supported by DFT-s-OFDM. For other configurations of the above parameters, the bit-width of this field may be different for different waveforms.
PTRS-DMRS association (and second PTRS-DMRS association) field:  if PTRS-UplinkConfig is not configured in either dmrs-UplinkForPUSCH-MappingTypeA or dmrs-UplinkForPUSCH-MappingTypeB and transform precoder is disabled (i.e., CP-OFDM is configured), or if transform precoder is enabled (i.e., DFT-s-OFDM is configured), or if maxRank=1 this field takes 0 bit. Otherwise, it takes 2 bits for indicating the association between PTRS port(s) and DMRS port(s).
DMRS sequence initialization field: this 1-bit field only exists when CP-OFDM is configured.
Solutions for DCI size alignment
It is straightforward that zero-padding can be applied for DCI size alignment due to DWS. This approach is also aligned with how DCI size alignment is currently done in specification. However, two main directions for zero-padding were identified during the discussions in RAN1#111, including:
· Direction 1: Zero-padding is applied at the end of each impacted waveform dependent field.   
· Direction 2: Zero-padding is applied at the end of the DCI payload.
The following was proposed in RAN1#111 from feature lead [3] (but was not agreed due to lack of discussion time), as a solution for DCI size alignment due to DWS:
	FL proposal 2-3v4: For DCI format 0_1/0_2 containing dynamic waveform indication, bit width of each field is set to the maximum between the bit width of the field if transform precoding is disabled and the bit width of the field if transform precoding is enabled, if different.
If, for the waveform indicated in the DCI, the bit width N of a field would be smaller than the bit width of the field set as per the above, UE decodes the field using N least significant bits. If N=0, the UE ignores the field for the indicated waveform.


The above proposal suggested applying zero-padding on the waveform dependent fields to align the sizes of these fields (and therefore the final DCI size) when dynamic waveform switching is applied (i.e., Direction 1). Providing that this proposal captured majority view and is straightforward, we suggest making an agreement that takes Direction 1.
[bookmark: _Ref127482830]Proposal 3. RAN1 to apply padding bits at the end of each impacted waveform dependent field for DCI size alignment due to DWS. 
Solutions to tackle overhead due to DCI size alignment
It’s worth highlighting that zero-padded bits always exist in the DCI even if they are not needed for the indicated waveform. In particular, considering the case of switching from CP-OFDM to DFT-S-OFDM, the zero padded bits become overhead and totally useless leading to decreasing the performance of the PDCCH carrying the DCI, given that a larger number of information bits will require a larger SNR at the receiver for a certain target BLER.  
[bookmark: _Ref127481690]Observation 5. Considering the case of switching from CP-OFDM to DFT-S-OFDM, the zero-padded bits in the DCI become overhead and totally useless leading to decreasing the performance of the PDCCH carrying the DCI.
Therefore, there is a clear motivation to study solutions for tackling the overhead drawback. Two solutions, which can be used together, to tackle the drawback, namely:
· Solution 1: Leveraging the zero-padded bits for other uses.
· Solution 2: Minimizing the appearance of the zero-padded bits.

Solution 1: Leveraging the zero-padded bits for other uses.
If zero-padding is unavoidable, leveraging the zero-padded bits for other uses could be one solution to tackle overhead introduced by zero-padding, i.e., making the zero-padded bits being information bits. Indeed, assuming that scheduling DCI indicates waveform switching (e.g., via the new 1-bit field as per the WA), UE would be able to determine positions of the zero-padded bits in each impacted waveform dependent field. Given that positions of the padded bits are fixed and known to the UE, they can be leveraged for other uses. For example, they can be used for indicating different variations of DFT-s-OFDM (e.g., FDSS-SE) in case DFT-S-OFDM is indicated by the new 1-bit field. Other usages of the leveraged padded bits can be further discussed. Therefore, it is worth further studying how to leverage the padded bits in the impacted waveform dependent fields due to DWS and the usage of the leveraged padded bits.
[bookmark: _Ref127482836]Proposal 4. RAN1 to study how to leverage the padded bits in the impacted waveform dependent fields due to DWS and the usage of the leveraged padded bits.
Solution 2: Minimizing the appearance of the zero-padded bits
To minimize the appearance of the zero-padded bits, some conditions on the allocation of PDCCH that conveys scheduling DCI can be used for checking whether there is DWS indication (and hence zero-padded bits). 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 PDCCH received within T can indicate DWS for the corresponding PUSCH (i.e., DCI contains the new 1-bit field and zero-padded bits), whereas PDCCH received outside T cannot indicate DWS for the corresponding PUSCH (i.e., DCI does not contain the new 1-bit field and zero-padded bits). It is worth noting that this solution does not require the DWS indication to be applied for subsequent PUSCHs. In addition, this solution does not increase DCI size budget (i.e., the total number of DCI sizes expected by UE at a point in time) since the total number of DCI sizes inside T and outside T are the same, and the UE knows where is T and so it knows the exact UL DCI size to apply for decoding.

[image: ]
[bookmark: _Ref118526571]Figure 1. Example of minimizing the appearance of the zero-padded bits.
[bookmark: _Ref127482841]Proposal 5. To reduce the DCI size alignment overhead, RAN1 to adopt the following solution to minimize the appearance of the new 1-bit field and the padded bits: 
· Only PDCCH received within T can indicate DWS for the corresponding PUSCH (i.e., DCI contains the new 1-bit field and padded bits), while PDCCH received outside T cannot indicate DWS (i.e., DCI does not contain the new 1-bit field and zero-padded bits).
· Note: This solution does not require the DWS indication to be applied for subsequent PUSCHs.

[bookmark: _Ref118523626]Dynamic waveform switching for 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 Msg3 coverage enhancement in Rel-17. Obviously, the motivation of supporting DWS for Msg3 is the same as the motivation for supporting Msg3 repetition in Rel-17, i.e., to improve Msg3 coverage. Note that DWS for Msg3 can be used as an alternative or addition to Msg3 repetition.
It’s worth highlighting that the support of DWS for initial transmission of Msg3 and re-transmission of Msg3 can be separately discussed, since the technical solutions can be different and, to some extent, the motivation for supporting each scenario can be different. In Section 2.2.1 we discuss our views on the applicability of DWS to initial Msg3 transmission. Section 2.2.2 discusses DWS indication for re-transmission of Msg3. 
[bookmark: _Ref127481702]Observation 6. The support of DWS for initial transmission of Msg3 and re-transmission of Msg3 can be separately discussed given specific solution and motivation for each scenario. 
Dynamic waveform switching for initial transmission of Msg3
In previous RAN1 meetings some companies discussed the necessity of applying DWS for Msg3 PUSCH or expressed their interests on further discussions on the topic. In contrast, the main concerns from some other companies for not applying DWS for Msg3 are: 
· Network could always configure DFT-S-OFDM for Msg3 at cell level and 
· Potential preamble partitioning. 
However, always configuring DFT-S-OFDM for Msg3 is a very skeptical assumption (otherwise, NR would not allow configuring CP-OFDM for Msg3 in the first place). Concerning the potential preamble/RO partitioning, this depends on whether the DWS is applied for initial Msg3 transmission or retransmission of Msg3, and also on the solution to be applied. Indeed, the potential preamble/RO partitioning may happen only for the case of DWS for initial Msg3 transmission. However, the potential preamble/RO partitioning can be avoided by selecting a proper solution for DWS.
[bookmark: _Ref127482271]Observation 7. Always configuring DFT-S-OFDM for Msg3 is a very skeptical assumption. Otherwise, NR would not allow configuring CP-OFDM for Msg3 in the first place.
[bookmark: _Ref127482277]Observation 8. The potential preamble/RO partitioning may happen only for the case of DWS for initial Msg3 transmission and can be avoided by selecting a proper solution for DWS.

In addition, RAN1 is specifying Msg1 (PRACH) repetitions in Rel-18 (at least for the case when they are transmitted with the same beam), which allows UEs to repeat Msg1 over multiple ROs. Considering that a UE in coverage shortage may likely initiate Msg1 repetitions, the corresponding Msg3 transmission may be suffering from poor performance as well, given the same distance between the UE and gNB. In this case, Msg3 may need to be transmitted with repetitions as well. However, since Msg3 payload is higher than Msg1, relying only on repetitions may help to tackle coverage shortage for Msg1 but not Msg3. 

[bookmark: _Ref127482284]Observation 9. Considering that a UE in coverage shortage may likely initiate Msg1 repetitions, the corresponding Msg3 transmission may be suffering from poor performance as well, given the same distance between the UE and gNB. In this case, Msg3 may need to be transmitted with repetitions as well. However, since Msg3 payload is higher than Msg1, relying only on repetitions may help to tackle coverage shortage for Msg1 but not Msg3. 

The above observation shows that any other approach for improving Msg3 coverage should be considered, including DWS. In PRACH enhancement discussions, there were few companies discussing about a link between Msg1 repetition and DWS for Msg3 PUSCH. This indeed provides a good direction for further discussion about DWS 
Furthermore, in RAN1#111 some companies discussed the potentials to enable the CE UE to apply different waveform than the default RRC configured waveform specified in msg3-transformPrecoder while Msg3 PUSCH transmission with repetitions. In our view, relying only on the parameter msg3-transformPrecoder (configured before Msg1 transmission) without considering the actual channel conditions of a specific UE is insufficient for determining a good waveform to be used by the UE for Msg3 transmission.  
[bookmark: _Ref127482298]Observation 10. Relying only on the parameter msg3-transformPrecoder (configured before Msg1 transmission) without considering the actual channel conditions of a specific UE is insufficient for determining a good waveform to be used by the UE for Msg3 transmission.  
From the above observations we propose the following:
[bookmark: _Ref127482847]Proposal 6. RAN1 to study solutions for supporting DWS for initial transmission of Msg3 PUSCH.
Dynamic waveform switching for re-transmission of Msg3
It is even more essential to support DW for re-transmission of Msg3 because of the following reasons:
· Re-transmission of Msg3 PUSCH only happens when the initial transmission of Msg3 (with or without repetitions, using configured waveform) failed. Therefore, it is beneficial if the UE can switch waveform for the re-transmission to further improve coverage of the retransmission.
· Given that DCI format 0_0 with CRC scrambled by TC-RNTI is used for scheduling the re-transmission of Msg3 PUSCH, the re-transmission of Msg3 PUSCH can be classified as “Supported dynamically scheduled PUSCH” and therefore compatible with previous agreement.
· There is no issue with preamble/RO groups partitioning for supporting DWS for re-transmission of Msg3, which is scheduled by a DCI.
[bookmark: _Ref127482306]Observation 11. Re-transmission of Msg3 PUSCH only happens when the initial transmission of Msg3 (with or without repetitions, using configured waveform) failed. Therefore, it is beneficial if the UE can switch waveform for the re-transmission to further improve coverage of the retransmission.
[bookmark: _Ref127482312]Observation 12. Given that DCI format 0_0 with CRC scrambled by TC-RNTI is used for scheduling the re-transmission of Msg3 PUSCH, the re-transmission of Msg3 PUSCH can be classified as “Supported dynamically scheduled PUSCH” and therefore compatible with previous agreement.
[bookmark: _Ref127482320]Observation 13. There is no issue with preamble/RO groups partitioning for supporting DWS for re-transmission of Msg3, which is scheduled by a DCI.
From the above observations we propose the following:
[bookmark: _Ref127482853]Proposal 7. RAN1 to support DWS for re-transmission of Msg3. FFS: details.
It is worth noting that the new 1-bit field as per Working Assumption cannot be used for DWS indication for re-transmission of Msg3, given that size of fallback DCI format should not be changed. Therefore, other solutions should be considered for DWS for re-transmission of Msg3. Note also that RAN1 does not need to start from scratch since other solutions for DWS (other than adding a new field) were discussed in previous meetings and can be considered for DWS for re-transmission of Msg3 (please refer to our Tdoc submitted to RAN1#111 for analysis on potential solutions [5]).
[bookmark: _Ref127482329]Observation 14. The solution of adding a new 1-bit field to scheduling DCI as per the Working Assumption cannot be applied for DWS indication in case of re-transmission of Msg3 PUSCH given that the scheduling DCI is of format 0_0, which is a fallback DCI format.

Enhancements to assist the scheduler in determining waveform switching
In RAN1#111 meeting, following was agreed on the potential enhancements to assist the scheduler in determining waveform switching:
	Agreement
· Study the necessity of the following potential enhancements to assist the scheduler in determining waveform switching:
· Reporting power headroom related information based on PCMAX,f,c applicable to a target waveform 
· Target waveform can be same or different from waveform of an actual PUSCH transmission
· FFS target RB allocation and/or target modulation order can be same or different from respective properties of an actual PUSCH transmission 
· FFS determination of target waveform, target RB allocation, target modulation order
· FFS details, e.g. report PCMAX,f,c or Type 1 power headroom for a waveform, or difference thereof between waveforms
· PHR triggering enhancements, e.g.
· Network-triggered PHR
· PH becomes lower (higher) than a threshold
· PHR triggered by waveform switching
· Reporting of recommended waveform or request to switch waveform
· Other solutions not precluded


In RAN1#111, the necessity of reporting assisting information from UE to gNB was identified and discussed. The motivation for reporting assisting information is that only the UE knows its power head room for power boosting when switching to a target waveform. The specification defines only requirements for UE minimum transmit power for certain MCS (TS 38.101-1). In contrast, when adapting the UE Tx power and/or considering waveform switching, gNB knows only the maximum power reduction (MPR) requirement defined by RAN4 specs, as well as PHR of the current waveform reported by the UE.​ Therefore, it is beneficial for gNB to be exposed to the information known by the UE. From the discussions in RAN1#111, such assisting information can be reported in two ways, namely in form of PHR of the target waveform or letting UE recommend a waveform via L1 signaling. In either way, the assisting information is essential for gNB to select good waveform in different coverage scenarios, which completes the DWS feature. Without the assisting information, gNB may blindly switch back and forth between the two waveforms, which may not provide clear benefit while it may unnecessarily increase signaling overhead. Therefore, enhancements to assist the scheduler in determining waveform switching should be specified.
[bookmark: _Ref127482340]Observation 15. The assisting information is essential for gNB to select a suitable waveform in different coverage scenarios, which completes the DWS feature. Without the assisting information, gNB may blindly switch back and forth between the two waveforms, which may not provide clear benefit while it may unnecessarily increase signaling overhead.
[bookmark: _Ref127482858]Proposal 8. RAN1 to specify enhancements to assist the scheduler in determining waveform switching.
For reporting assisting information in form of PHR of the target waveform, it can be observed from the above agreement that at least the following main aspects should be further discussed/clarified in RAN1:
· Details on power headroom related information, including definition of target waveform, definition of target RB allocation, definition of target modulation order, and content of the assisting information to be reported in PHR.
· Details on triggering the PHR, including conditions/events that trigger the PHR.
Details on power headroom (PH) related information
Concerning definition of target waveform, it is straightforward to consider at least the waveform other than current waveform as target waveform. Otherwise, the assisting information only provides  gNB with  the updated PH of the current waveform, which may not be sufficient for  the scheduler to select a waveform. . 
[bookmark: _Ref127482863]Proposal 9. For enhancements to assist the scheduler in determining waveform switching, RAN1 to consider at least the waveform other than current waveform as target waveform.
Concerning definition of target RB allocation and target modulation order, although using the same RB allocation and modulation order used for measuring PH of current waveform may allow minimum specification impact. Moreover, this approach does not provide a precise PH related information of the target waveform in case it is used for UL transmission in different RB regions and/or with different modulation order. Therefore, RAN1 should consider both cases when target RB allocation and modulation order are the same or different from the ones used for measuring PH of current waveform.
[bookmark: _Ref127482348]Observation 16. Although using the same RB allocation and modulation order used for measuring PH of current waveform may allow minimum specification impact, this approach does not provide a precise PH related information of the target waveform in case it is used for UL transmission in different RB regions and/or with different modulation order.
[bookmark: _Ref127482869]Proposal 10. RAN1 should consider both cases when target RB allocation and modulation order are the same or different from the ones used for measuring PH of current waveform.
Concerning content of the assisting information to be reported in PHR, it is worth noting that the granularity of the existing PHR (of current waveform) is sparse in time domain, therefore it may be outdated at the time when UE reports assisting information (having PHR related information of target waveform). Therefore, it is beneficial to report PHR related information of both current and target waveforms at the same time, which can be done in two ways as follows.
· Option 1: Assisting information contains PHRs of current and target waveforms. 
· Option 2: Assisting information contains PHR of current waveform and a difference between PHs (or  values) of the current waveform and target waveform.
Both options should provide scheduler information about PHs of current and target waveforms. However, each option has pros and cons in terms of applicability as follows.
For Option 1, 
· Pros: 
· providing PH related information of both current and target waveforms regardless of the target resource allocation and/or target modulation order.
· low specification impact, given that the existing way of calculating and reporting PHR can be reused.
· Cons: may require more overhead for reporting than Option 2.
For Option 2,
· Pros: potentially offering better accuracy due to smaller quantization size or less overhead for reporting due to smaller range to be reported.
· Cons: does not work in case target resource allocation and/or target modulation order are different from the ones used for measuring PH of current waveform, as shown in Figure 3.
Let us refer to  as required Tx power for a PUSCH transmission, which is different for different resource allocations () for the PUSCH transmission. The Type 1 PH for a PUSCH transmission is then calculated by taking a difference between UE configured maximum output power () associated to the PUSCH transmission and the required Tx power for the PUSCH transmission. Note that  is also different for different waveforms, resource allocations (RB regions), and modulation orders. 
Figure 2 illustrates an example wherein Option 2 can be used for determining PH of target waveform (WF) from PH of current waveform and the difference () between the two PHs (or two  values), only when required Tx power for current PUSCH is the same as required Tx power for target PUSCH. 
[image: ]
[bookmark: _Ref127388466]Figure 2. An example when PH for target WF can be determined from PH for current WF and Δ_P, when required Tx power for target PUSCH is the same as that for current PUSCH.
In contrast, Figure 3 illustrates an example wherein Option 2 cannot be used for determining PH of target waveform from PH of current waveform and , in case required Tx power for current PUSCH is different from required Tx power for target PUSCH. Indeed, in this scenario, what may be determined by Option 2 (from PH of current waveform and ) is only  for target waveform.
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[bookmark: _Ref127388435]Figure 3. An example when PH for target WF cannot be determined from PH for current WF and , when required Tx power for target PUSCH is different from that for current PUSCH.
[bookmark: _Ref127482357]Observation 17. Reporting PHRs of both current and target waveforms ensures PH related information of both waveforms are reported regardless of the target resource allocation and/or target modulation order. In addition, this approach offers lower specification impact.
[bookmark: _Ref127482364]Observation 18. Reporting PHR of current waveform and a difference between PHs (or  values) of the current waveform and target waveform not only requires higher specification impact, but also does not ensure that PH related information of the target waveform can be determined by gNB, at least in case required Tx power for current PUSCH is different from required Tx power for target PUSCH.
[bookmark: _Ref127482875]Proposal 11. For the content of assisting information to be reported in PHR, RAN1 to consider at least the case when assisting information contains PHRs of current and target waveforms.
Details on triggering the report of assisting information
In order to avoid reporting overhead, multiple conditions should be considered for triggering the report of assisting information. These conditions can be classified into two categories, namely necessary conditions, and sufficient conditions. 
The sufficient conditions could be conditions that make the report of assisting information being meaningful to gNB. For example, UE only considers reporting if there is a change in pathloss (PL) and a change in PH difference between the two waveforms compared to the previous report. Otherwise, if there is no change in PL and PH difference between the two waveforms (or if the change is very small), reporting also PH related information of target waveform may not provide gNB any additional information for waveform selection.
[bookmark: _Ref127482374]Observation 19. If there is no change in PL and PH difference between the two waveforms compared to the previous report (or if the change is very small), reporting also PH related information of target waveform may not provide gNB any additional information for waveform selection.
The necessary conditions could be time conditions that tell UE when to report the assisting information (if the sufficient conditions are satisfied). These conditions help in reducing signaling overhead and in avoiding throughput reduction, given that density of the events that the sufficient conditions are satisfied may be very high or very low, depending on UE’s coverage situation. We foresee the following alternatives for the (necessary) time conditions.
· Alt. 1 (semi-static): Triggering the report periodically according to a timer that coexists with the existing timer for PHR triggering.
· Alt. 2 (dynamic): Triggering the report immediately when waveform is switched (i.e., using DWS as a triggering event).
· Alt. 3 (dynamic): Triggering the report after a timer expires, wherein the timer starts when waveform is switched.
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[bookmark: _Ref126688583]Figure 4. An example of triggering the report according to a second timer which reference to previous report (Alt. 1).
Alt. 1 relies on a semi-static configuration of a timer, which triggers the PH report of both waveforms, as shown in Figure 4, on top of the existing timer that triggers the PH report of current waveform only. Main drawback of Alt. 1 is that, given that the timer is semi-statically configured, the PH report of both waveforms may be too far from waveform switching events (which are dynamic). This makes the report being outdated easily, especially in case the timer is configured to be greater than the existing timer, whose minimum value is 10 subframes. In contrast, configuring the timer to be smaller than the existing timer leads to significant overhead.
[bookmark: _Ref127482385]Observation 20. For Alt. 1 (triggering the report periodically according to a timer that coexists with the existing timer for PHR triggering), given that the timer is semi-statically configured, the PH report of both waveforms may be too far from waveform switching events (which are dynamic). This makes the report being outdated easily, especially in case the timer is configured to be greater than the existing timer.
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[bookmark: _Ref126688699]Figure 5. An example of triggering the report immediately when waveform is switched.
Alt. 2 leverages the dynamic indication of waveform to dynamically trigger the report of both PHs, as illustrated in Figure 5. Similar to Alt. 1, main drawback of Alt. 2 is also that the report may become outdated at the time gNB would like to use it for DWS decision, given that gNB would not change waveform so frequently in practice (this is also a common understanding among companies in RAN1#110b-e [2]). In contrast, if gNB changed waveform frequently, Alt. 2 would introduce significant overhead.
[bookmark: _Ref127482394]Observation 21. For Alt. 2 (triggering the report immediately when waveform is switched), the report may become outdated at the time gNB would like to use it for DWS decision, given that gNB would not change waveform so frequently in practice. In contrast, if gNB changed waveform frequently, Alt. 2 would introduce significant overhead.
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[bookmark: _Ref127464482]Figure 6. An example of triggering the report after a timer expires, wherein the timer starts when waveform is switched (Alt. 3).
Alt. 3 leverages both the dynamic indication of waveform event and a timer starting from that, such that it can tackle the drawbacks of Alt. 1 and Alt. 2. Indeed, Alt. 3 not only can dynamically adapt the report of both PHs to dynamic waveform switching events but also can avoid unnecessary overhead and outdated report (see Figure 6). In addition, Alt. 3 may also include Alt. 2 in case the timer in Alt. 3 is equal to zero. Finally, depending on whether the timer in Alt. 3 is semi-statically configured or can also be dynamically indicated (e.g., by leveraging some zero padded bits due to DCI size alignment as mentioned in Section 2.1), it may provide more flexibility for gNB to reduce overhead.
[bookmark: _Ref127482401]Observation 22. Alt. 3 (triggering the report after a timer expires, wherein the timer starts when waveform is switched) shows the following advantages:
· Alt. 3 not only can dynamically adapt the report of both PHs to dynamic waveform switching events, but also can avoid unnecessary overhead and outdated report.
· Alt. 3 may also include Alt. 2 (triggering the report immediately when waveform is switched) in case the timer in Alt. 3 is equal to zero.
· Depending on whether the timer in Alt. 3 is semi-statically configured or can also be dynamically indicated, it may provide more flexibility for gNB to reduce overhead.
From the above analysis, we propose the following:
[bookmark: _Ref127482881]Proposal 12. The report of assisting information, are triggered when the following conditions are all satisfied:
· There is a change in PL compared to that in previous report.
· There is a change in PH difference between the two waveforms compared to that in previous report.
· A timer, which starts from latest DWS event, expires.
· FFS: whether the timer is semi-statically configured or can also be dynamically indicated.
· FFS: values of the timer.
One aspect that should also be considered for reporting the assisting information (i.e., PHR related information of the current and target waveform) is when there is overlapping between the report and the existing PHR of the current waveform.
[bookmark: _Ref127483086]Proposal 13. RAN1 to further discuss the scenario when the report of PHR related information of the current and target waveforms is close to or overlaps with the existing PHR of the current waveform.
[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. 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 2. If dynamic waveform switching indication is applicable for subsequent PUSCH transmissions, gNB will keep the same waveform in case of encountering missing UL DCI. gNB can detect PUSCH transmission or not by applying DTx false alarm threshold.
Observation 3. Given that the motivation for DWS indication for each PUSCH transmission is unclear, 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. Considering the case of switching from CP-OFDM to DFT-S-OFDM, the zero-padded bits in the DCI become overhead and totally useless leading to decreasing the performance of the PDCCH carrying the DCI.
Observation 6. The support of DWS for initial transmission of Msg3 and re-transmission of Msg3 can be separately discussed given specific solution and motivation for each scenario.
Observation 7. Always configuring DFT-S-OFDM for Msg3 is a very skeptical assumption. Otherwise, NR would not allow configuring CP-OFDM for Msg3 in the first place.
Observation 8. The potential preamble/RO partitioning may happen only for the case of DWS for initial Msg3 transmission and can be avoided by selecting a proper solution for DWS.
Observation 9. Considering that a UE in coverage shortage may likely initiate Msg1 repetitions, the corresponding Msg3 transmission may be suffering from poor performance as well, given the same distance between the UE and gNB. In this case, Msg3 may need to be transmitted with repetitions as well. However, since Msg3 payload is higher than Msg1, relying only on repetitions may help to tackle coverage shortage for Msg1 but not Msg3.
Observation 10. Relying only on the parameter msg3-transformPrecoder (configured before Msg1 transmission) without considering the actual channel conditions of a specific UE is insufficient for determining a good waveform to be used by the UE for Msg3 transmission.
Observation 11. Re-transmission of Msg3 PUSCH only happens when the initial transmission of Msg3 (with or without repetitions, using configured waveform) failed. Therefore, it is beneficial if the UE can switch waveform for the re-transmission to further improve coverage of the retransmission.
Observation 12. Given that DCI format 0_0 with CRC scrambled by TC-RNTI is used for scheduling the re-transmission of Msg3 PUSCH, the re-transmission of Msg3 PUSCH can be classified as “Supported dynamically scheduled PUSCH” and therefore compatible with previous agreement.
Observation 13. There is no issue with preamble/RO groups partitioning for supporting DWS for re-transmission of Msg3, which is scheduled by a DCI.
Observation 14. The solution of adding a new 1-bit field to scheduling DCI as per the working assumption cannot be applied for DWS indication in case of re-transmission of Msg3 PUSCH given that the scheduling DCI is of format 0_0, which is a fallback DCI format.
Observation 15. The assisting information is essential for gNB to select good waveform in different coverage scenarios, which completes the DWS feature. Without the assisting information, gNB may blindly switch back and forth between the two waveforms, which may not provide clear benefit while it may unnecessarily increase signalling overhead.
Observation 16. Although using the same RB allocation and modulation order used for measuring PH of current waveform may allow minimum specification impact, this approach does not provide a precise PH related information of the target waveform in case it is used for UL transmission in different RB regions and/or with different modulation order.
Observation 17. Reporting PHRs of both current and target waveforms ensures PH related information of both waveforms are reported regardless of the target resource allocation and/or target modulation order. In addition, this approach offers lower specification impact.
Observation 18. Reporting PHR of current waveform and a difference between PHs (or  values) of the current waveform and target waveform not only requires higher specification impact, but also does not ensure that PH related information of the target waveform can be determined by gNB, at least in case required Tx power for current PUSCH is different from required Tx power for target PUSCH.
Observation 19. If there is no change in PL and PH difference between the two waveforms compared to the previous report (or if the change is very small), reporting also PH related information of target waveform may not provide gNB any additional information for waveform selection.
Observation 20. For Alt. 1 (triggering the report periodically according to a timer that coexists with the existing timer for PHR triggering), given that the timer is semi-statically configured, the PH report of both waveforms may be too far from waveform switching events (which are dynamic). This makes the report being outdated easily, especially in case the timer is configured to be greater than the existing timer.
Observation 21. For Alt. 2 (triggering the report immediately when waveform is switched), the report may become outdated at the time gNB would like to use it for DWS decision, given that gNB would not change waveform so frequently in practice. In contrast, if gNB changed waveform frequently, Alt. 2 would introduce significant overhead.
Observation 22. Alt. 3 (triggering the report after a timer expires, wherein the timer starts when waveform is switched) shows the following advantages:
· Alt. 3 not only can dynamically adapt the report of both PHs to dynamic waveform switching events but also can avoid unnecessary overhead and outdated report.
· Alt. 3 may also include Alt. 2 (triggering the report immediately when waveform is switched) in case the timer in Alt. 3 is equal to zero.
· Depending on whether the timer in Alt. 3 is semi-statically configured or can also be dynamically indicated, it may provide more flexibility for gNB to reduce overhead.

[bookmark: _Toc67700565]In addition, the following proposals were made:

Proposal 1. Dynamic waveform switching indication should be applied to all subsequent PUSCH transmissions.
Proposal 2. RAN1 to support dynamic waveform switching for at least CG PUSCH type 2.
Proposal 3. RAN1 to apply padding bits at the end of each impacted waveform dependent field for DCI size alignment due to DWS.
Proposal 4. RAN1 to study how to leverage the padded bits in the impacted waveform dependent fields due to DWS and the usage of the leveraged padded bits.
Proposal 5. To reduce the DCI size alignment overhead, RAN1 to adopt the following solution to minimize the appearance of the new 1-bit field and the padded bits:
Proposal 6. RAN1 to study solutions for supporting DWS for initial transmission of Msg3 PUSCH.
Proposal 7. RAN1 to support DWS for re-transmission of Msg3. FFS: details.
Proposal 8. RAN1 to specify enhancements to assist the scheduler in determining waveform switching.
Proposal 9. For enhancements to assist the scheduler in determining waveform switching, RAN1 to consider at least the waveform other than current waveform as target waveform.
Proposal 10. RAN1 should consider both cases when target RB allocation and modulation order are the same or different from the ones used for measuring PH of current waveform.
Proposal 11. For the content of assisting information to be reported in PHR, RAN1 to consider at least the case when assisting information contains PHRs of current and target waveforms.
Proposal 12. The report of assisting information, are triggered when the following conditions are all satisfied: There is a change in PL compared to that in previous report.
· There is a change in PH difference between the two waveforms compared to that in previous report.
· A timer, which starts from latest DWS event, expires.
· FFS: whether the timer is semi-statically configured or can also be dynamically indicated.
· FFS: values of the timer.
Proposal 13. RAN1 to further discuss the scenario when the report of PHR related information of the current and target waveforms is close to or overlaps with the existing PHR of the current waveform. 
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