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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#112 [1], the agreement on dynamic waveform switching for coverage enhancement was approved, which is given as follows. 
	Agreement
For single TB scheduled by single DCI, 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.

Conclusion
There is no consensus to support “Dynamic waveform switching to PUSCH transmissions with a Type 2 configured grant” in R18.
Agreement
Dynamic waveform switching in R18 is not applicable to PUSCH transmissions with a Type 1 configured grant.

Conclusion
The dynamic waveform indication in a DCI containing a dynamic uplink grant applies only to PUSCH transmission(s) corresponding to the dynamic uplink grant.

FL proposal 2-4r1: 
RAN1 to select one of the following Options for DCI size alignment when DWS indication is configured in DCI format 0_1 or 0_2:
[bookmark: _Hlk130485007]Option 1: Per-format alignment
· Step 1: For C-RNTI, assume field sizes based on DWS indication. 
· Step 2: If DCI is addressed to CS-RNTI, align field sizes to that of C-RNTI and indicated waveform based on existing C-RNTI/CS-RNTI alignment clause. 
· FFS: If DWS is not supported or not configured for CG Type 2 activation, and DWS field does not match RRC-configured waveform for indicated CG index, and NDI=0, it is an error case. 
· Step 3: Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
Option 2: Per-field alignment
· Step 1: For C-RNTI, apply padding to each field, if necessary, to match the size of the largest field size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
· Step 2: If DCI is addressed to CS-RNTI, align field sizes to those of C-RNTI according to existing alignment clause between CS-RNTI and C-RNTI.
Option 3: Per-field alignment only for fields preceding NDI field
· Step 1: For fields preceding NDI, apply per-field alignment as per Steps 1 and 2 of Option 2.
· Step 2: For fields following NDI, determine field sizes based on DWS as per Steps 1 and 2 of Option 1.
· Step 3: Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
[bookmark: _Hlk130485076][Option 4: Per-field alignment only for DCI addressed to CS-RNTI] 
· For DCI addressed to C-RNTI:
· Step 1: Determine size of fields based on DWS indication.
· Step 2: Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
· For DCI addressed to CS-RNTI:
· Apply padding to each field, if necessary, to match the size of the corresponding field for the DCI addressed to C-RNTI and (DWS=CP-OFDM).
Notes: For Option 1 and [Option 4], DWS field must be positioned before any field that depends on waveform. For Option 3, DWS field must be positioned before NDI field, or immediately after NDI field


2. Discussion on dynamic waveform switching
2.1 Indication signaling
2.1.1 Indication signaling
[bookmark: _Hlk114506090]New 1-bit field for dynamic waveform indication in R-18 is agreed by 3GPP TSG RAN WG1 #112 [1]. It is preferred that the straightforward approach of using bit ‘0’ to indicate one waveform and bit ‘1’ to indicate the other waveform.
Proposal 1: The method using bit ‘0’ to indicate one waveform and bit ‘1’ to indicate the other waveform, should be adopted.
2.1.2 DCI alignment  
There are four options to align DCI payload size, Per-format alignment, Per-field alignment, Per-field alignment only for fields preceding NDI field, Per-field alignment only for DCI addressed to CS-RNTI. 
[bookmark: _Hlk130929607]Per-format alignment, as illustrated in Figure 1, only requires once bit padding at the end of DCI, and the padding bits are easily reduced when introduce new fields to enhance other characteristics for DFT-S-OFDM, e.g., to support frequency domain spectrum shaping in DFT-S-OFDM. Thus, it has smaller DCI size when introduce new fields in DCI, which means a better coverage performance. It enables to reuse the current DCI decoding scheme, which leads to a lower implementation complexity for UEs. It also should be noted that aligning DCI size per format follows the same alignment principle as for the case of cross-carrier scheduling. 
Per-field alignment requires the bit width of each field to be aligned with the maximum width between those for DFT-s-OFDM and CP-OFDM. As illustrated in Figure 1, it requires the bit padding of most fields, where padding bits cannot be reused by new fields. It results in a larger DCI size when new fields are introduced in DCI only for waveform with less DCI size to support new characteristic or enhancement, which means a worse coverage performance. Moreover, the current DCI decoding scheme is based on the waveform configured by RRC. Per-field alignment requires to change current DCI decoding scheme, which increases the unnecessary implementation complexity of UEs. One also should note that, to decode DCI correctly, both Per-format aligning and Per-field alignment have to parse the field of waveform switching before any fields whose size are depending on waveform. In our opinion, Per-field alignment increases not only implementation complexity but also DCI overhead, which is an overoptimization.
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Figure 1: Illustration of DCI size of Per-field alignment and per-DCI alignment when introduce new fields to enhance DFT-S-OFDM.
Per-field alignment only for fields preceding NDI field is the hybrid of Per-format alignment and Per-field alignment. It makes the implementation and detection of DCI alignment more complex as not only both requirements of Per-format alignment and Per-field alignment should be satisfied but also the interplay of two methods should be considered. It seems not worth adopting such complex method to guarantee that there is only one format of fields of DCI addressed to CS-RNTI for CG-PUSCH type 2. First of all, CG-PUSCH type 2 is only an optional feature, it should not impact gNBs and UEs who do not implement such optional feature. In other words, the DCI design for basic DCI format like DCI 0_1 should not be impacted by CG PUSCH type 2 such severely. Moreover, Per-format alignment would not prevent the usage of CG-PUSCH type 2, the detailed analysis is given as follows. For CG-PUSCH type 2 UEs, there are two states: inactivated state and activated state. In inactive state, CG-PUSCH type 2 UEs have to monitor two types of DCI, i.e., DCI scrambled with CS-RNTI and DCI scrambled with C-RNTI. For the DCI scrambled with CS-RNTI, some companies prefer a fixed location of NDI field, which can be fulfilled by Per-format alignment (e.g. Option 1in FL proposal 2-4r1). In active state, CG-PUSCH type 2 UEs have to monitor the DCI scrambled with CS-RNTI and the DCI scrambled with C-RNTI. This DCI scrambled with CS-RNTI can be used as either a DCI for release or a DCI for retransmission. The DCI for retransmission is expected to have the same DCI deparsing behavior as the DCI scrambled by C-RNTI (normal DCI) because its RRC configuration is referred to PUSCH-Config that is specific to normal DCI. Since in this state the UE has to read the DWS field anyway, a fixed location of NDI field seems unnecessary and will not release any UE burden. Therefore, Per-format alignment is still the best. 
[bookmark: _Hlk130929433]Per-field alignment only for DCI addressed to CS-RNTI is also the hybrid of Per-format alignment and Per-field alignment, it requires that apply padding to format of DCI addressed to C-RNTI and apply padding to each field of DCI addressed to CS-RNTI to match the size of the corresponding field for the DCI addressed to C-RNTI and (DWS=CP-OFDM). This option uses two DCI alignment methods, which is of more complex.
From our view, Per-field alignment, Per-field alignment only for fields preceding NDI field, Per-field alignment only for fields preceding NDI field are not suitable. 

Observation 1: Per-format alignment is superior, because
· Per-format alignment has smaller DCI size when new fields are introduced in DCI for waveform with less DCI size to support new characteristic or enhancements, which implies a better coverage performance;
· Per-format alignment enables to reuse the current DCI decoding scheme, which implies lower implementation complexity.
[bookmark: _Hlk130545893]Other options are not suitable due to following reasons
· Per-field alignment has large DCI size when new fields are introduced in DCI for waveform with less DCI size to support new characteristic or enhancements, which implies worse coverage performance;
· Per-field alignment only for fields preceding NDI field and Per-field alignment only for DCI addressed to CS-RNTI make the implementation and detection of DCI alignment more complex, which is unnecessary as CG-PUSCH type 2 UEs can ignore the DWS field and directly read the NDI field or can read the DWS field and NDI field when gNB sets the waveform indication bit to the RRC waveform configuration of CG-PUSCH type 2. Moreover, CG-PUSCH type 2 is only an optional feature, it should not have a significant impact on gNBs and UEs that do not implement such optional feature.

[bookmark: _Hlk113448937]Proposal 2: Per-DCI alignment should be adopted, and waveform switching bit should be prior to the fields whose bit width depends on waveform.

2.2 Waveform switching enhancements 
2.2.1 MCS and RB allocation problem 
The difference of maximum transmission power between two waveforms is typically varying among different UEs. It closely depends on UE implementation. For example, the maximum transmission powers of two waveforms are very close to each other when UEs adopt the advanced techniques to reduce the PAPR of CP-OFDM, such as advanced clipping [2][3]. Some UEs can obtain 2-2.5 dB power boosting for the same modulation and 6 dB power boosting at most for the different modulation when switch waveform from CP-OFDM to DFT-s-OFDM [4]. The variation of power boosting is close to 6 dB. When gNB indicate UEs to switching waveform, gNB also should indicate proper number of PRBs, MSC and transmission power control to make the best use of power boosting, i.e., the difference of maximum transmission power from CP-OFDM switching to DFT-s-OFDM, to improve coverage performance. 
The gNB has to estimate power boosting if it has no information about power boosting. The estimation accurate is closely associated with the performance improvement of waveform switching. Switching waveform from CP-OFDM to DFT-s-OFDM, when gNB estimates a larger power boosting than that of UE, it could result in the failure of data transmission as UE has no enough power to transmit data. When gNB estimates a smaller power boosting than that of UE, it could result in performance degradation of uplink data transmission as UE has more power to transmit more data. Above cases happen with high probability and degrade the performance improvement of waveform switching. 
[image: ]
[bookmark: _Hlk126056270]Figure 2: Illustration of MCS selection and RB allocation strategies with and without power information to avoid data transmission outage when UE switches CP-OFDM to DFT-s-OFDM.  
[bookmark: _Hlk127455342]Figure 2 illustrates the different MCS and RB allocation strategy with and without power boosting information when switch CP-OFDM to DFT-s-OFDM. From Figure 2, we can see that, even if UE actually has obtained power boosting by switching CP-OFDM to DFT-s-OFDM, while, when gNB has no idea about the power boosting information of UE, gNB still has to assign the original RB, MCS, power to UE to avoid communication outage due to overusing the increased power. It means that the obtained power boosting by switching CP-OFDM to DFT-s-OFDM brings no gain for throughput until gNB knows the power headroom by PHR. When gNB knows the power boosting information of UE, the suitable MCS and RB allocation could be indicated, which guarantees an improved performance.
[image: ]
Figure 3: Illustration of MCS selection and RB allocation strategies with and without power information when UEs switch waveform from DFT-s-OFDM to CP-OFDM.  
Figure 3 illustrates the different MCS and RB allocation strategy with and without power change information when switch DFT-s-OFDM to CP-OFDM. From Figure 3, we can see that, UE suffers power reduction when switches DFT-s-OFDM to CP-OFDM, when gNB has no idea about the power reduction information of UE, gNB either assigns the original RB, MCS to UE or assigns the minimum RB and MCS to UE. In this case, switching DFT-s-OFDM to CP-OFDM with assigning the original RB, MCS could result in the failure of data transmission. Switching DFT-s-OFDM to CP-OFDM with assigning the minimum RB and MCS could avoid communication outage but result in the serious performance degradation of data transmission. Because, when UE switches DFT-s-OFDM to CP-OFDM, it is usually not coverage-limited, whose MCS and RB allocation are far larger than the minimum one. While when gNB knows the power reduction information of UE, the suitable MCS and RB allocation could be given, e.g., new MCS and RB allocation, new MCS and original RB allocation or original MCS and new RB allocation, which guarantees a stable performance.    
Observation 2: Without the power information of waveforms, the performance improvement of waveform switching degrades due to the unsuitable MCS selection and RB allocation. 
To deal with this problem, gNB must know the power headroom of target waveform, and allocate RBs and indicate MCS correspondingly, which requires UE to report the power headroom of target waveform. 
Observation 3: It is beneficial for gNB to decide RB allocation that UEs report the power headroom of target waveform.
Proposal 3: To facilitate gNB to allocate RBs and select MCS more precisely, UE should report the power headroom of target waveform to gNB in time.
2.2.2 Power information reporting 
There are three types of methods can help gNB determine the MCS selection and RB allocation of target waveform, which consists of power headroom related information reporting, PHR triggering enhancement, and UE waveform switching capability reporting.   
· Power headroom information reporting
[bookmark: _Hlk127193416][bookmark: _Hlk127195082]The current power headroom reporting (PHR) is reported to gNB with PHR MAC CE. The single entry PHR MAC CE occupies 16 bits as illustrated in Figure 4, where R is reserved bit, PH indicates the power headroom level with length of 6 bits, PCMAX,f,c indicates the PCMAX,f,c used for calculation of the preceding PH field. It seems an overoptimization to introduce new fields to report the PH or PCMAX,f,c of multiple waveforms. The reasons are given as follows. First, the reporting of PH and PCMAX,f,c of multiple waveforms is only used during waveform switching duration, and waveform switching is an event with low probability whose duration is very small compared to uplink transmission time. Reserve resource for such thing seems inefficient. For example, for UEs in center of cell, the reporting of PH and PCMAX,f,c of multiple waveforms has no use but only wastes resource of power and time-frequency. Second, there are simpler and more efficient methods to deal with above problem, such like reporting the PH and PCMAX,f,c of desired waveforms by replacing that of current waveform when it is necessary. Third, PHR MAC CE	 extension is the scope of RAN2. From our point of view, it’s unreasonable to extend PHR MAC CE for waveform switching because the workload and specification impact are not matched to effect.  
[image: ]
Figure 4: Single Entry PHR MAC CE
Observation 4: It’s an overoptimization to extend PHR MAC CE fields to report PH and PCMAX,f,c for multiple waveforms. 
Proposal 5: No new field is introduced in PHR MAC CE to report the PH or PCMAX,f,c for multiple waveforms. 
To reduce specification impact, it is a good idea to reuse current PHR scheme to report power headroom of target waveform for waveform switching, and only the calculation method for PHR reported before waveform switching decision is changed. Because, before waveform switching, current PHR is calculated by the transmission settings of current waveform, using the PHR of current waveform as that of target waveform cannot be accurate. The calculation of PHR for target waveform is given as follows. Specifically, UEs use the PCMAX,f,c of target waveform and the transmission power estimation of current waveform to calculate the PHR of target waveform, where the PCMAX,f,c of target waveform is estimated by the used MCS and RB allocation of current waveform. It can provide an accurate PHR estimation for target waveform when the MCS and RB allocation of two waveforms are similar. 
[bookmark: _Hlk127196978][bookmark: _Hlk124361798]Observation 5: The PCMAX,f,c of target waveform can be calculated by the transmission setting of current waveform, and it is accurate to calculate the PH of target waveform based on the calculated PCMAX,f,c of target waveform and the power estimation of current waveform, when the used MCS and RB allocation of two waveforms are same or similar. 
Fortunately, the used MCS and RB allocation of two waveforms can be same or similar, i.e., the used MCS and RB allocation of current waveform can be exploited to estimate the PCMAX,f,c of target waveform. The reasons are given as follows. UE usually switches CP-OFDM to DFT-s-OFDM, when it is coverage-limited, where the MCS index and RB allocation are very small. For small MCS index, the MCS of two waveforms can be same when ‘q=2’ according to tables 5.1.3.1-1 and 6.1.3.1-1 and tables 5.1.3.1-3 and 6.1.3.1-2. For type 1 of frequency resource allocation, the RB allocation of CP-OFDM could be used as that of DFT-s-OFDM. For type 0 of frequency resource allocation, to make RB similar, gNB could select the continuous RBGs with the maximum length in the RB allocation of CP-OFDM and adjacent RBs as that of DFT-s-OFDM. And, UE usually switches DFT-s-OFDM to CP-OFDM to pursuit higher data rate, when it is not coverage-limited, where the MCS and RB allocation are large. For large MCS index, the most of MCS of two waveforms can be same according to tables 5.1.3.1-1 and 6.1.3.1-1 and tables 5.1.3.1-3 and 6.1.3.1-2. The RB allocation of DFT-s-OFDM could be used as that of CP-OFDM directly. More important, gNB can adjust the MCS index and RB allocation of current waveform before waveform switching so that the used MCS and RB allocation of DFT-s-OFDM and CP-OFDM are same.
Observation 6: Before waveform switching, gNB can adjust the MCS index and RB allocation of current waveforms to guarantee the MCS index and RB allocation of current waveform also can be used by target waveform.
· PHR triggering enhancement
Current PHR is triggered periodically or by events. The period of PHR can be configured from 10 ms to 1000 ms or even greater. The triggering event is that the pathloss change exceeds the configured threshold that can be set to 1, 3, 6 dB, or even greater. Generally, it is hard for current PHR triggering to guarantee a timely PHR for waveform switching. Relying on periodical PHR triggering could not be impossible under some cases. For example, when PHR period is configured to 1000 ms, gNB cannot make best use of power boosting to improve coverage performance, until about 500 ms on average after waveform switching. Such large delay makes waveform switching meaningless. Event triggering is unreliable as the pathloss change beyond its threshold and waveform switching cannot always occur simultaneously. Reduce PHR period to 10 ms or reduce event triggering threshold to 1dB can relief this problem by increasing the frequency of PHR for all UEs, which increases the overhead of resource of power and time-frequency. Under this case, even the cell-center UEs have to report the PHR, it has no use except wasting resource of power and time-frequency. Even if ignore the increased overhead of frequent PHR, it still cannot guarantee a timely PHR for waveform switching, especially for UEs scheduled multiple times during one frame. To deal with this problem, the PHR triggering should be enhanced.  
Observation 7: Current PHR triggering cannot guarantee a timely PHR for waveform switching, requires enhancement. 
There are three PHR triggering enhancements, consisting of Network-triggered PHR, PH threshold triggered PHR, and waveform switching triggered PHR. Network-triggered PHR requires gNB to introduce new signaling to indicate UEs to report the PHR for waveform switching. PH threshold triggered PHR requires UEs report PH when PH is below or higher threshold. Waveform switching triggered PHR reuses waveform switching signaling to trigger PHR, which cannot be used for waveform switching decision.  
PH threshold triggered PHR has no advantages compared with other methods. It cannot help gNB make waveform switching decision as the first method. It has larger resource overhead than the third method as it could report PHR too frequently. 
Network-triggered PHR is illustrated in Figure 5 (a), before waveform switching, gNB transmits signaling to trigger UE to report PHR that is computed by the PCMAX,f,c of target waveform and the transmission power estimation of current waveform. It can help gNB make waveform switching decision, adjust resource allocation, MCS selection, and transmission power to make full use of waveform switching gain in the first scheduled slot. While, it brings 1bit signaling cost. Waveform switching triggered PHR is illustrated in Figure 5 (b), where UE computes PHR normally and reports PHR to gNB at once it has uplink resource after waveform switching. It can help gNB adjust resource allocation, MCS selection, and transmission power.
[image: ]
Figure 5: Illustration of PHR triggering enhancements.
When gNB is required to guarantee an effective waveform switching decision for UE, network-triggered PHR is superior to waveform switching triggered PHR as it can provide the PH of target waveform before waveform switching. Network-triggered PHR should be calculated by the PCMAX,f,c of target waveform and the transmission power estimation of current waveform. However, if it is only to help gNB indicate suitable RB allocation and MCS index, waveform switching triggered PHR is enough, where current PHR calculation method is reused.
Observation 8: To guarantee gNB to make effective waveform switching decision for UEs, network-triggered PHR is the beast, where PHR should be calculated by the PCMAX,f,c of target waveform and the transmission power estimation of current waveform. However, if it is only to help gNB indicate suitable RB allocation and MCS index after the waveform switching, waveform switching triggered PHR is enough, where current PHR calculation method is reused.  
Proposal 5: Waveform switching triggered PHR should be supported.

· Reporting of recommended waveform or request to switch waveform
[bookmark: _Hlk126338062]UEs can report its desired waveform to help gNB make waveform switching decision. While, it’s not helpful for gNB to decide the MCS selection and RB allocation. It also needs to design new MAC CE to implement this function, which requires much workload and increases specification impact compared to reusing PHR. From our point of view, it is unnecessary to introduce a new MAC CE to report recommended waveform. Moreover, it is the scope of RAN2.
Observation 9: Reporting recommended waveform requires a new MAC CE, which is subject to RAN2 discussions.

3. Conclusion
With the discussion above, we have the following observations and proposals.

Observation 1: Per-format alignment is superior, because
· Per-format alignment has smaller DCI size when new fields are introduced in DCI for waveform with less DCI size to support new characteristic or enhancements, which implies a better coverage performance;
· Per-format alignment enables to reuse the current DCI decoding scheme, which implies lower implementation complexity.
Other options are not suitable due to following reasons
· Per-field alignment has large DCI size when new fields are introduced in DCI for waveform with less DCI size to support new characteristic or enhancements, which implies worse coverage performance;
· Per-field alignment only for fields preceding NDI field and Per-field alignment only for DCI addressed to CS-RNTI make the implementation and detection of DCI alignment more complex, which is unnecessary as CG-PUSCH type 2 UEs can ignore the DWS field and directly read the NDI field or can read the DWS field and NDI field when gNB sets the waveform indication bit to the RRC waveform configuration of CG-PUSCH type 2. Moreover, CG-PUSCH type 2 is only an optional feature, it should not have a significant impact on gNBs and UEs that do not implement such optional feature.


Observation 2: Without the power information of waveforms, the performance improvement of waveform switching degrades due to the unsuitable MCS selection and RB allocation. 

Observation 3: It is beneficial for gNB to decide RB allocation that UEs report the power headroom of target waveform.

Observation 4: It’s an overoptimization to extend PHR MAC CE fields to report PH and PCMAX,f,c for multiple waveforms. 

Observation 5: The PCMAX,f,c of target waveform can be calculated by the transmission setting of current waveform, and it is accurate to calculate the PH of target waveform based on the calculated PCMAX,f,c of target waveform and the power estimation of current waveform, when the used MCS and RB allocation of two waveforms are same or similar. 

Observation 6: Before waveform switching, gNB can adjust the MCS index and RB allocation of current waveforms to guarantee the MCS index and RB allocation of current waveform also can be used by target waveform.

Observation 7: Current PHR triggering cannot guarantee a timely PHR for waveform switching, requires enhancement. 

Observation 8: To guarantee gNB to make effective waveform switching decision for UEs, network-triggered PHR is the beast, where PHR should be calculated by the PCMAX,f,c of target waveform and the transmission power estimation of current waveform. However, if it is only to help gNB indicate suitable RB allocation and MCS index after the waveform switching, waveform switching triggered PHR is enough, where current PHR calculation method is reused.  

Observation 9: Reporting recommended waveform requires a new MAC CE, which is subject to RAN2 discussions.

Proposal 1: The method using bit ‘0’ to indicate one waveform and bit ‘1’ to indicate the other waveform, should be adopted.

Proposal 2: Per-DCI alignment should be adopted, and waveform switching bit should be prior to the fields whose bit width depends on waveform.

Proposal 3: To facilitate gNB to allocate RBs and select MCS more precisely, UE should report the power headroom of target waveform to gNB in time.

Proposal 4: No new field is introduced in PHR MAC CE to report the PH or PCMAX,f,c for multiple waveforms. 

Proposal 5: Waveform switching triggered PHR should be supported.
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